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The Laboratory of Aquatic Ecology (Catholic University of Nijmegen, The 
Netherlands) has focused its research on the ecology of macrophyte-dominated 
systems in sea-, brackish- and freshwater (Den Hartog, 1978). With regard to 
the freshwater environment since 1974 research has been concentrated on water 
bodies dom inated by nymphaeid macrophytes such as Nymphaea alba L., Nuphar 
lutea (L.) Sm. and Nymphoides pettata (Gmel.) O. Kuntze and on soft water 
communities dominated by isoetid macrophytes such as Littorella uniflora (L.) 
Aschers, and Isoetes lacustris L. Isoetid communities are rare and endangered 
by eutrophication and acidification (Schuurkes, 1987; Arts, 1990). Nymphaeid-
dominated systems are very common and widespread in the Netherlands (van 
der Meijden et al., 1989). 
Within the framework of the "nymphaeid macrophytes" project several theses 
have been written dealing with various aspects of structure, functioning and dyna­
mics of the nymphaeid system (Van der Velde, 1980; Brock, 1985; Roijackers, 
1985; Kok, 1993). 
Up to now a considerable amount of knowledge has become available with respect 
to floral biology, growth, production, uptake of various nutrients and decompositi­
on. Apart from these studies which were directed on the nymphaeids themselves, 
also phytoplankton, periphyton and macrofauna which are associated with these 
nymphaeid macrophytes, were studied. However, insight in the mechanisms and 
factors which underlie the distribution and zonation patterns of the nymphaeids 
was fragmentary or lacking. 
In the Netherlands both Nymphaea alba and Nuphar lutea can be found in waters 
varying from acidified moorland pools to alkaline eutrophic water bodies. Nuphar 
lutea, however, has its optimum towards alkaline, nutrient-rich habitats, while 
Nymphaea alba occurs more often in soft waters with a lower nutrient status. 
Nymphoides pettata is very common in the backwaters of the large rivers and 
has its optimum in eutrophic alkaline systems. In contrast to Nymphaea and Nup­
har this nymphaeid species does not occur in soft or acidified waters. 
Nymphaea, Nuphar and Nymphoides root in water bottoms with a relatively high 
organic carbon content where oxygen is generally absent. In contrast to other 
aquatic and terrestrial plants these nymphaeids are able to grow in an anaerobic 
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Sediment. Within a water body Nymphoides is often restricted to the shallow, 
littoral zone while Nymphaea and Nuphar root in the deeper parts. 
The distribution and zonation patterns of aquatic macrophytes mainly depend on: 
a) Dispersal of seeds and vegetative propagules 
b) Germination requirements 
c) Growth in interaction with environmental parameters i.e. adaptation to envi-
ronmental stress factors. Important environmental parameters are the water 
chemistry and the physico-chemical characteristics of the water bottom. 
d) Hydro-morphodynamics i.e. the erosion and sedimentation processes. 
e) Animal activity, for example bioturbation by waterfowl and/or fish and herbi-
vory. Animal activity can strongly affect stands of macrophytes and therefore 
can determine the success of establishment in certain water types. 
The gaps in knowledge with respect to the distribution and zonation of 
Nymphaea, Nuphar and Nymphoides were formulated by the following questions: 
Which modes of seed dispersal exist for Nymphaea, Nuphar and 
Nymphoides ? And what does that mean for the observed distribution patterns 
of these plants ? 
Which factors influence the germination of the Nymphaea, Nuphar and Nym-
phoides seeds, and what does that mean for the establishment of seed-
lings ? 
Does herbivory play an important role in the survival of seedlings ? 
Which anatomical and physiological adaptations enable Nymphaea, Nuphar 
and Nymphoides to root in an anoxic substrate ? 
Can they use bicarbonate for photosynthesis ? 
Nuphar and Nymphoides have a high frequency of occurrence in alkaline 
waters. Many macrophytes which occur in alkaline waters use dissolved bicar-
bonate for photosynthesis. 
Play other chemical parameters in the water layer an important role in the 
distribution of Nymphaea, Nuphar and Nymphoides ? 
These questions formed the base for the research of which the results are presen-
ted in this thesis. 
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OUTLINE OF THIS THESIS 
Dispersal 
As mentioned above Nymphaea alba, Nuphar lutea and Nymphoides pettata 
are common in the river and polder areas. In the river area most waters are con-
nected with one another by means of canals and ditches or become flooded during 
high water spates. These waters are always provided with seeds or vegetative 
propagules produced in upstream areas. Apart from these water bodies in the river 
area also a large number of isolated water bodies are present in the Netherlands 
which are fed by ground water or rain (e.g. moorland fens, clay or sand pits). 
In contrast to Nymphaea and Nuphar, Nymphoides is generally absent in these 
isolated water bodies. Seed dispersal is an essential process in the colonizing 
and/or regenerative phase of plants and to which extent the way of seed dispersal 
of Nymphoides could account for the often observed absence in the isolated water 
bodies is not known. It is also not known how Nymphaea and Nuphar can reach 
these isolated water bodies. 
Dispersal of diaspores can occur by wind (anemochory), water (hydrochory) 
or animals (zoochory). The seeds of aquatic macrophytes are not provided with 
structures that facilitate dispersal by wind (e.g. the seeds of many Compositae 
species). Animals can transport seeds externally from one location to an other 
when the seeds stick between hairs, feathers or on webbed feet (ectozoochory). 
Internal transport occurs when the seeds after consumption are transported and 
excreted after a certain period (endozoochory). The possible dispersal modes of 
Nymphaea, Nuphar and Nymphoides seeds via water, waterfowl and fish are des-
cribed in Chapter 2. 
Seed germination and seed bank type 
Each habitat has its own characteristic abiotic conditions which are suitable for 
the growth and reproduction of some plant species but prevent a successful esta-
blishment of other species. The requirements for seed germination are specific 
for each plant species; however, favourable habitats for seed germination do not 
necessarily have to be favourable habitats for seedling development. By examining 
the germination of Nymphaea, Nuphar and Nymphoides seeds and their further 
development under various conditions which are present in different types of 
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water and water bottoms, it may be possible to explain (at least partly) the distri-
bution and zonation patterns of the full-grown plants. 
Plant species can produce seeds which have a short or a long life span. Seeds 
with a life expectance of less than one year form a so called transient seed bank. 
Seeds with a long life span (> 1 year) form a persistent seed bank (Grime, 1979; 
Thompson and Grime, 1979). The character of the seed bank is of importance 
with respect to the environmental conditions. The success of recolonization of 
a plant species which produces a transient seed bank after the established plants 
have been vanished, is much smaller compared with a plant species which produ-
ces a persistent seed bank. Chapter 3 deals with the seed germination and seed 
bank type of Nymphaea, Nuphar and Nymphoides in alkaline and acid waters. 
Because of the low diffusion rate of dissolved gases and the microbial activity, 
oxygen is absent in and just above aquatic sediments with a high organic carbon 
content. Therefore, the seeds which He on, or are buried in the water bottom are 
confronted with oxygen stress. To overcome this problem ethanol can be produced 
by some plant species under hypoxic and anoxic conditions (Vartapetian et al., 
1978; Armstrong, 1979). Under hypoxic conditions also the phytohormone ethyle-
ne can be produced by some plant species and by some microorganisms which 
occur in soils (Smith and Russell, 1969; Smith and Restall, 1971). 
Both compounds can strongly influence metabolic processes and the germination 
of seeds of some plant species (cf. Armstrong, 1979; Ketring, 1977). 
The production and release of these compounds by the seeds of Nymphaea, 
Nuphar and Nymphoides, and their effect on the germination have been examined. 
In Chapter 3 and 4 the results of these experiments are discussed within a 
ecological context. 
Seedlings 
After the seeds have germinated the seedlings are confronted with an environ-
ment which complicates growth. There is often an organic, anoxic sediment layer 
present which must be penetrated before the first leaves are able to reach the 
water layer. Shading, for instance by floating leaves, can negatively influence 
photosynthesis. Bioturbation of the water bottom by waterfowl and fish can uproot 
the seedlings. Additionally, grazing by herbivores can severely affect the number 
of seedlings and thus reducing the chance of a successful establishment. In Chap-
ter 3 the ability of the nymphaeid seedlings to penetrate sediment layers of vari-
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ous thickness and soil type is determined. In Chapter 5 the palatability of the 
Nymphaea, Nuphar and Nymphoides seedlings for the herbivorous snail Lymnaea 
stagnalis (L.) is examined. In food-choice experiments the consumption of seed-
lings of the nymphaeids, their floating leaves and the leaves of some Potamogetón 
species by L. stagnalis is determined and compared. 
Anatomical adaptations to anoxia 
A large number of plants are not able to grow in a sediment with a high organic 
carbon content (Macan, 1977; Sand-Jensen and Sondergaard, 1979; Barko and 
Smart, 1983). Oxygen is not present and nutrients such as nitrate and sulphate 
occur only in reduced forms (ammonium and sulphide respectively) under these 
conditions. 
Nymphaeid water plants generally root in sediments with a high organic carbon 
content (Van der Velde et al., 1986) and are apparently adapted to these substrate 
conditions. As growth without oxygen is not possible, the nymphaeids must have 
developed an aeration system to maintain the oxygen supply of the roots. The 
petioles and peduncles of the nymphaeid water plants are provided with air chan-
nels through which diffusion of gases can take place. 
Dacey (1980) demonstrated that there are thermo-driven, internal gas flows within 
the air channels of petioles of floating leaves and peduncles in water lilies. This 
ventilation system also occurs in other nymphaeid macrophytes (Grosse and Mevi-
Schiitz, 1987; Grosse et al., 1991 ). The internal gas flow is generated by differen-
ces in leaf porosity between the young and older leaves and differences in tempe-
rature between the upper water layer and the sediment. When the sun warms up 
the floating leaves an air stream flows from the young leaves to the rhizome provi 
ding the roots with oxygen and removing respiratory products from the roots 
which are transported via the older leaves towards the atmosphere. 
In addition the efficiency of the oxygen supply to the root tips and the removal 
of respiratory products of the root system can also be interpreted as an adaptation 
to rooting in an anoxic substrate. This efficiency is largely determined by the 
presence and characteristics of aerenchyma in the root cortex (root porosity) and 
the extent to which the roots are gastight so that oxygen leakage to the anaerobic 
rhizosphere (radial oxygen loss) is limited. In Chapter 6 the root porosity and 
the radial oxygen loss patterns of the roots of the nymphaeid macrophytes are 
determined and compared with those of three aquatic macrophyte species which 
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only occur on oxidative sediments (Lifíorella uniflora (L.) Aschers., Luronium 
natans (L.) Raf., Isoetes lacustris L.). 
Physiological adaptations to anoxia 
Despite of the anatomical adaptations which facilitate the oxygen transport to 
the roots there are stages during the life cycle that anaerobiosis can not be preven-
ted. Such stages are the germination of seeds, the root dormancy in winter and 
growth in spring when very small submerged floating leaves (Nymphoides) or 
a few underwater leaves (Nymphaea, Nuphar) are present (Van der Velde, 1980). 
Therefore, apart from the anatomical adaptations also physiological adaptations 
are needed for a successful establishment in an anoxic sediment. 
Plant cells which are confronted with hypoxia or anoxia can change their metabo-
lism. During oxygen stress the glycolyse pathway is activated so that ATP can 
be generated to maintain the vital functions of the plant cell. During this process 
ethanol is produced. Provided that the respiratory products of the glycolyse 
pathway are removed efficiently, the ethanol producing capacity of the roots can 
be interpreted as an adaptation to root anoxia. In Chapter 6 the ethanol producing 
capacity of the three nymphaeid macrophytes is compared with that of Littorella 
uniflora, Luronium natans and Isoetes lacustris which are restricted to oxidized 
sediments. 
The enzyme alcohol dehydrogenase (ADH) plays a key role in the ethanol produ-
cing pathway (glycolyse). Most plants produce a number of ADH-isoenzymes 
which all are able to catalyze the ethanol production. Chapter 7 deals with the 
number of ADH-isoenzymes of the roots of Nymphaea alba, Nuphar lutea and 
Nymphoides pettata and of the aquatic macrophytes Littorellauniflora, Luronium 
natans and Isoetes lacustris. 
Occurrence in relation to water chemistry 
Many aquatic macrophytes absorb a large part of the required nutrients from 
the water layer and thus it is not surprising that there is a correlation between 
the occurrence of aquatic macrophytes and the water chemistry. The diffusion 
of gases in water is compared to the atmosphere, very low. Photosynthesis in 
an aquatic environment is therefore often carbon limited. Some aquatic macrophy-
tes and algal species are able to use dissolved bicarbonate in addition to carbon 
dioxide, for photosynthesis. Most of these 'bicarbonate-users' show a strong cor-
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relation with high alkalinity waters and 'non-bicarbonate-users' with low-alkalinity 
waters (Spence and Maberly, 1985). 
The seedlings of Nymphaea and Nuphar are completely dependent on the inorga-
nic carbon availability in the water layer since they do not produce floating leaves 
during the first two or three years. The Nymphoides seedlings, however, produce 
only floating leaves and therefore can use atmospheric carbon dioxide for photo-
synthesis. 
Nuphar and Nymphoides have their optimum of occurrence in alkaline waters 
(waters with a relatively high bicarbonate concentration). It is not known if these 
three nymphaeid macrophytes are able to use bicarbonate and thus if their occur-
rence in alkaline waters is related to the use of bicarbonate. 
The correlation between the frequency of occurrence of the nymphaeids and the 
water alkalinity and which inorganic carbon species can be used for photosynthe-
sis, is discussed in Chapter 8. Apart from inorganic carbon also dissolved calcium 
plays an important role in the physiology of water plants. Chapter 9 deals with 
the dependence of Nymphoides on calcium in the water layer. 
In Chapter 10 the main conclusions of the previous chapters are summarized 
and related to the observed patterns of distribution and zonation of the nymphae-
ids over the various water bodies and locations and compared with literature data. 
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CHAPTER 2 
SEED DISPERSAL OF THREE NYMPHAED3 MACROPHYTES 
A.J.M. Smits, R. van Ruremonde and G. van der Velde 
Aquatic Botany, (1989) 35: 167-180. 
ABSTRACT 
Some aspects of the hydrochoric, endozoochoric and epizoochoric dispersal of 
seeds of Nymphaea alba L., Nuphar lutea (L.) Sm. and Nymphoides pettata 
(Gmel.) O. Kuntze were studied by examining their buoyancy, their passage 
through the intestinal tract of waterfowl and fish, and their tolerance towards 
desiccation. 
Buoyancy of Nuphar lutea carpels was found to be poor compared with that 
of released Nymphoides pettata and Nymphaea alba seeds. 
Mallard duck (Anas platyrhynchos L.) and coot (Fúlica atra L.) digested all 
seeds of Nymphaea alba, Nuphar lutea and Nymphoides pettata completely, in 
contrast to seeds of Potamogetón natans L., Potamogetón obtusifolius Meri, et 
Koch and Potamogetón pectinatus L.. Similar results were obtained when the 
seeds were fed to common carp (Cyprinus carpio L.)· Because of the complete 
digestion of the seeds of the nymphaeid waterplants by coot, duck and carp, endo-
zoochory will hardly contribute to a successful dispersal between isolated water 
bodies. 
Un 1 ike Nymphoides pettata seeds, the seeds oí Nymphaea alba and Nuphar lutea 
are killed by desiccation. In view of these properties and the morphology of the 
seeds it is concluded that epizoochory can be an important factor in the seed dis-
persal between isolated water bodies of Nymphoidespeltata, but not of Nymphaea 
alba and Nuphar lutea. It is also concluded that within one water body hydrocho-
ry is the main dispersal mode of the three nymphaeid species studied. 
INTRODUCTION 
The role of waterfowl in the dispersal of vegetative parts of water plants has 
long been documented (cf. Weddell, 1849; Duval-Jouve, 1864; Woodruffe-Pea-
cock, 1917). However, establishment can only be successful if the plant fragments 
are large enough to be suitable for transport and have sufficient regenerative 
capacity (e.g. Elodea sp. and Lemna sp.). 
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Occasionally, rhizomes of the nymphaeid macrophytes Nymphaea alba L. and 
Nuphar lutea (L.) Sm. and stolons of Nymphoides pettata (Gmel.) O. Kuntze 
become detached and are transported by water currents. Considering the size and 
relatively large proportions of these parts, transport by waterfowl is most unlikely. 
At a suitable site (shallow and stagnant water) new shoots and roots can subse­
quently develop from the detached parts and give rise to new individuals. Just 
as in the case of the transport of floating seeds, however, this can only result 
in dispersal of the plant species within one water body or downstream in a river. 
Fish which swallow and excrete viable seeds of aquatic plants might contribute 
to an upstream distribution of aquatic macrophytes (Gottsberger, 1978; Agami 
and Waisel, 1988). 
Because wind dispersal (anemochory) is very rare, if not non-existent among 
aquatic macrophytes (Van der Pijl, 1972), exchange of the diaspores between 
isolated waters is confined to transport by animals or man (zoochory). Endozoic 
transport of waterplant seeds, in particular by waterfowl, has been reported by 
a number of authors (Guppy, 1906; Ridley, 1930; McAtee, 1947; Agami and 
Waisel, 1986). 
Little information is available about the external transport of seeds of water 
plants by animals (epizoochory). Flat and slightly hydrophobic diaspores will 
become attached to fur or feathers of animals which frequently visit the aquatic 
habitat (Cook, 1988). During the external transport the seeds are subject to dehy­
dration, so that, in addition to their morphology, the tolerance of the seeds of 
aquatic plants with respect to desiccation also determines the effectiveness of 
epizoochoric dispersal. 
Van der Velde (1986) and van der Velde and van der Heijden (1980) described 
the various stages from flower bud to seed release for the nymphaeid species 
under study and their durations. In this paper, several aspects are examined which 
are essential for the hydrochorous, endozoochorous and epizoochorous dispersal 
οι Nymphaea alba, Nuphar lutea and Nymphoides peltata seeds. These are: (1) 
buoyancy of seeds or carpels; (2) survival of seeds after passage through the 
digestive system of Fúlica atra L., Anas platyrhynchos L. and Cyprinus carpio 
(L.); (3) desiccation tolerance of the seeds. 
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MATERIALS AND METHODS 
Seed collection and storage 
Seeds and ripe fruits were collected from several localities in the forelands of 
the River Waal near Nijmegen (The Netherlands) and stored in an open plastic 
container filled with tap water at room temperature (ca. 20 °C) until they were 
used for the experiments. 
Buoyancy of seeds 
In order to study the buoyancy of the diaspores, seeds or carpels released from 
the fruits were placed in plastic containers (50 cm χ 50 cm χ 20 cm ) filled with 
tap water. Only loose carpels of the Nuphar lutea fruits and Nymphaea alba seeds 
which were enveloped in an aril were used (Fig. 1 ). A length of perforated rubber 
tubing attached to the bottom along the walls of the container was connected to 
a compressed air machine. Small air bubbles arising from this tube prevented 
the seeds and carpels from adhering to the walls of the container. In another 
experiment the effect of rain was simulated by occasionally pouring tap water 
onto the floating seeds with a watering can (a total of 5 1 in the course of the 
experiment). In both experiments the floating time of the seeds or carpels was 
determined. 
Seed feeding experiments 
Duck (Anasplatyrhynchos) and coot {Fúlica atra) were captured in their natural 
habitat near Nijmegen and Aalsmeer (The Netherlands). The birds were kept sepa-
rately in wooden or wire mesh cages measuring 2.0 m χ 0.80 m χ 0.60 m and 
1.0 m χ 0.79 m χ 0.58 m respectively, and were provided with a small water 
basin. In order to facilitate the collection of their faeces a removable bottom tray 
was used or the bottom was covered with plastic foil. The digestion of seeds of 
the three nymphaeid species under study was compared with that of the seeds 
oí Potamogetón notons L., Potamogetón obtusifolius Mert. et Koch and Potamo-
getón pectinatus L. The animals were fed individually with known numbers of 
seeds. About five seeds at a time were placed on the posterior part of the tongue 
\ л 
Fig. 1. Ripe fruits releasing diaspores with their accompanying tissues. 
(A) Nuphar lutea fruit with carpels. (B) Carpel of a Nuphar lutea fruit. The seeds are 
embedded in the spongy tissue of the carpel. (C) Nymphaea alba fruit releasing the seed. 
(D) Nymphaea alba seed. The individual seeds are enveloped in an aril. Note the gas 
bubbles providing buoyancy. (E) Disintegrating Nymphoides peltata fruit releasing the 
flat seeds. (F) Nymphoides peltata seed. Note the sur- face projections at the margin 
of the seed. Drawings B, D and F represent the structures for which the buoyancy has 
been determined. 
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with a pair of tweezers and washed down into the pharynx with ca. 1 ml of tap 
water. 
Common carp (Cyprinus carpió) was caught from a pond on the university cam-
pus. The fish were kept in polyethylene containers (100 1), the water of which 
was changed continuously. They were fed standard fish food (Trouvit; Trouw; 
Vervins, France). The diaspores were only offered to hungry fish (ca. 5 days 
without food), because satisfied fish refused to consume the seeds. The excrements 
produced after consumption were immediately collected by means of a siphon 
device. 
Collected faeces of waterfowl and fish were diluted with tap water and retrieved 
whole seeds were counted. In order to determine the viability of the retrieved 
seeds the seeds collected from the excrements of duck and carp were allowed 
to germinate, or the seed embryo was tested with a tetrazolium solution (Moore, 
1973). 
Desiccation tolerance 
Batches of Nymphaea alba, Nuphar lutea and Nymphoides peltata seeds were 
dried on filter paper in a desiccator at room temperature (~ 20 °C). During both 
treatments samples of 30 seeds of each species were randomly taken at regular 
intervals. Twenty seeds of each sample were allowed to germinate after a cold 
treatment (see germination conditions). Ten of the seeds sampled were stained 
with a tetrazolium solution to examine the vitality of the embryo (Moore, 1973). 
Prior to the staining procedure the seeds had been suitably moistened and cut 
longitudinally through the centre of embryo and endosperm by means of a razor 
blade. Subsequently the cut surfaces were exposed to a tetrazolium solution 
(1%; pH 6.5-7.0) for 24 h. After this treatment the staining of the tissue was 
examined. After a desiccation period of 56 days 100 seeds of each species were 
left in the desiccator, and these were sampled after 15 months. 
Germination conditions 
Previously conducted germination studies had shown that optimal germination 
of Nymphaea alba and Nuphar lutea seeds was obtained when the seeds were 
subjected to a cold treatment and subsequently incubated in hypoxic tap water. 
By contrast, the germination of Nymphoides peltata seeds is favoured by aerobic 
conditions after a similar cold treatment (Smits and Wetzels, 1986). 
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Thus, in order to obtain a maximal germination response, the sampled seeds of 
the desiccation experiment were stored for 4 weeks at 4 °C. Subsequently, Nymp­
haea alba and Nuphar lutea seeds were incubated in 10-ml serum flasks. The 
flasks were filled with tap water which had been aerated with nitrogen gas in 
order to reduce the oxygen concentration to ~ 1.5 mg 0 2 Γ
1
, and air-sealed. Dis­
solved oxygen was determined using a modified Winkler method (Drew and 
Robertson, 1974). The seeds of Nymphoides peltata were placed in Petri dishes 
filled with aerated tap water. Germination was registered after the seeds of these 
nymphaeids had been incubated for 3 weeks at 20 °C with a 14-h photoperiod. 
Light was provided by fluorescent white tubes at a light intensity of 150 μΕϊηβίβϊη 
m"
2
 h ' . 
The seeds retrieved from the feeding experiment were placed in Petri dishes filled 
with tap water and were left to germinate at ambient room temperature (ca. 20 
°C) on a laboratory table. In order to examine the viability of the seeds which 
did not germinate, the seeds were cut and the embryos treated with a tetrazolium 
solution (Moore, 1973). 
RESULTS 
Floating ability of seeds 
Hardly any of the Nymphoides peltata seeds sank during the observation period 
if the seeds were allowed to float without disturbance (see Fig. 2). However, most 
of the seeds that became submerged as an effect of the simulated rain sank almost 
immediately. Obviously, the flat Nymphoides seeds with their marginal bristles 
are able to float on the water surface by taking advantage of the surface tension. 
The buoyancy of the Nymphaea alba seeds is based primarily on the presence 
of an aril. Apart from the seed this membraneous structure also encloses some 
gas (see Fig. 1), which makes the whole buoyant. After sometime the aril dissoci­
ates and splits, releasing the seed, which immediately sinks. 
The carpels of Nuphar lutea show very poor buoyancy. The seeds are embedded 
in spongy tissue which contains small gas bubbles. As soon as the mucose carpels 
disintegrate the seeds sink. It is evident that pouring water on the floating carpels 
and seeds negatively affects their buoyancy (Fig. 2). The simulated rain causes 
an early escape of the gas bubbles present in the arils and carpels of Nymphaea 
1 1 
alba and Nuphar lutea respectively. A similar effect can be expected from rain 
under natural conditions. 
••Nymphoides peltata л» Nymphaea alba 0»1uphar lutea 
100-
° 50 
Fig. 2. Buoyancy ofNymphoides peltata seeds, Nymphaea alba seeds enveloped within 
an aril and Nuphar lutea carpels. Black symbols: buoyancy of the seeds and carpels 
without any disturbance. Open symbols: course oftheflotation experiment with simulated 
ram. 
Seed feeding experiments 
Apparently, the seed coats of Nymphaea alba, Nuphar lutea and Nymphoides 
peltata are too weak to withstand the mechanical and chemical digestion by birds 
and fish and as a consequence are completely destroyed (Fig. 3). Only the seeds 
ofPotamogetón species can, to some extent, pass the digestive tract of duck, coot 
and carp intact. It is also noteworthy that the number of retrieved Potamogetón 
seeds per bird or fish varied greatly. The observed differences in digestion effi-
ciency are probably caused by the composition of the gizzard content of coot 
and duck (e.g. the quantity of grit). In addition, differences in the eagerness of 
carp to consume the seeds can influence the mechanical digestion. Because only 
fish deprived of food during 5 days were willing to eat the seeds the role of these 
seeds in the menu of carp can be questioned. 
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Seeds retrieved ( I — I =10'/.] 
Fig. 3. Percentage of intact seeds retrieved per individual from the faeces of waterfowl 
and carp. The relative numbers of retrieved seeds are presented as stacked bars. The 
various shaded parts represent the seeds retrieved per individual. Fúlica atra: 4 birds 
were used (1-4). Each bird was fed 100 seeds per plant species. Anas platyrhynchos: 
5 birds were used (1-5). To each bird 100 seeds of aplani species were fed. Cyprinus 
carpio: 4fishes were used (1-4). Each fish was fed 2 5 seeds. Abbrevations: P.n. = Pota-
mogetón notons seeds; P.O. = Potamogetón obtusifolius seeds; P.p. = Potamogetónpecti-
natus seeds; N.l. = Nuphar lutea seeds; N.a. =Nymphaea alba seeds; N.p. =Nymphoides 
pettata seeds. 
All retrieved Potamogetón seeds were superficially damaged, but the seed embry-
os could be stained with tetrazolium solution and thus appeared to be vital (results 
not shown). The germination abilities of untreated seeds and seeds retrieved from 
duck and carp are compared in Table 1. The passage through the digestive tract 
of duck particularly improved the germination ofPotamogetón pectinatus. Some 
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Stimulation of germination was recorded for Potamogetón natans and Potamo-
getón pectinatus seeds which were excreted by carp, but the opposite effect was 
found for Potamogetón obtusifolins seeds consumed by duck and carp. 
Desiccation tolerance 
The germinating capacity of air-dried seeds is shown in Fig. 4. In contrast to 
the seeds of Nymphoides peltata, an increasing number of Nymphaea alba and 
Nuphar lutea seeds proved unable to germinate as the period of desiccation beca-
me longer. The seeds of Nuphar lutea appeared to be most sensitive to desicca-
tion. 
The vitality of the seed embryos was examined by staining with a tetrazolium 
solution. The results of this procedure are depicted in Fig. 5. A decreasing number 
of Nymphaea alba and Nuphar lutea seeds could be completely stained, which 
confirms the decreasing germinating capacity in the course of the desiccation 
period. It must be noted, however, that a decline of the germination capacity as 
a consequence of desiccation occurs before a partial staining can be observed 
(cf. Fig. 4.). Staining is based on the reaction of tetrazolium molecules with hy-
drogen ions produced by the dehydrogenase enzymes involved in the respiration 
processes of living tissues (Moore, 1973). During desiccation, the germinating 
capacity is obviously reduced much earlier than the ability to react with tetrazo-
lium solution. About 8 % of the Nymphoides peltata seeds sampled could no 
longer be completely stained by the tetrazolium of solution after a dehydration 
period of 56 days. However, this does not indicate a decline in seed viability 
because the seeds which had remained in the desiccator for 15 months germinated 
when placed under conditions favourable to germination (results not shown). 
Nuphar lutea and Nymphaea alba seeds failed to germinate after such a desic-
cation period. 
20 
Table 1. Number of germinated seeds retrieved from the faeces of mallard duck (Anas 
platyrhynchos) and carp (Cyprinus carpio), compared to untreated seeds. 
A = untreated seeds able to germinate under the experimental conditions. В = seeds 


























Desiccation period (days) 
Fig. 4. Germination of seeds subjected to various desiccation periods in a desiccator. 
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/wg. 5. Ability of the seed embryos to react with a tetrazolium solution. 
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DISCUSSION 
In contrast to what one would expect, a large number of aquatic plants do not 
develop structures which would improve the buoyancy of their diaspores (Scult-
horpe, 1967; Van der Pijl, 1972). However, the enlargement by small bristles 
of the Nymphoides seeds, and the air-containing aril and carpels of Nymphaea 
alba and Nuphar lutea, can be regarded as adaptations to hydrochoric dispersal. 
Compared with the carpels of Nuphar lutea and those of Nymphaea alba envelo-
ped by an aril, the seeds of Nymphoides peltata show good buoyancy. Van der 
Velde and Van der Heyden (1980) reported that seeds of Nymphoides placed on 
water in Petri dishes without disturbance float for more than two months. In the 
Netherlands, however, it is most unlikely that no rain will fall for a fortnight, 
and in view of the impact of (simulated) rain upon the floating ability, it seems 
unrealistic to expect the seeds to float longer than 14 days under field conditions. 
This is consistent with Van der Velde (1986) who observed in outdoor concrete 
tanks with water lilies, that released carpels oí Nuphar and Nymphaea seeds were 
present at the water surface for 1 and 1 -3 days respectively. 
Unlike to the seeds of'Nymphaea and Nuphar, those oí Nymphoides only germi-
nate when oxygen is available (Smits and Wetzels, 1986). The germination of 
Nymphoides seeds is also greatly stimulated by light. In the aquatic habitat this 
generally signifies that only seeds located just under or on the sediment will 
produce seedlings. These loosely rooted seedlings easily become detached upon 
disturbance and may float for a considerable time before becoming permanently 
rooted. Thus, a secondary dispersal of this species within a water body can occur 
and indeed a considerable number floating plantlets can be observed in the vicinity 
of a Nymphoides stand in spring. Buoyant seedlings are also produced by some 
other aquatic plants (Hutchinson, 1975). 
Coot and wild duck can often be observed consuming the ripe fruits of nymphae-
id macrophytes. Hence some authors suggest that part of the distribution of some 
Nuphar species can be explained by seeds being carried by waterfowl (Guppy, 
1892-1893; Schoffrnann, 1946; Heslop-Harrison, 1953, 1955), but information 
about faeces containing vital seeds is lacking. Only Heslop-Harrison (1955) reco-
rds viable Nuphar seeds in the droppings of Ardea cinerea L., which had ap-
parently eaten a fish that had previously consumed some Nuphar seeds. 
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Information concerning the consumption of Nymphaea, Nuphar and Nymphoides 
seeds by fish is scanty. Luther (1901) examined the intestines of Rutilus erythr-
ophthalmus (L.) and collected 39 Nuphar lutea seeds, 4 of which germinated 
within 4 months. Ridley (1930) mentions consumption oí Nuphar carpels by 
Cyprinus carpio, but neither author reported any excretion of vital seeds. It is 
evident that common carp is a very efficient digester of Nymphaea alba, Nuphar 
lutea and Nymphoides peltata seeds, but it can not be excluded that other fish 
species with a less efficient digestion apparatus transport and excrete viable seeds 
(cf. Agami and Waisel 1988). In The Netherlands only a few other (herbivore) 
fish speciescan be considered in the endozoochoric dispersal of nymphaeid seeds 
(cf. Gaevskaya, 1969; Lammens, 1976). These are bream (Abramis brama (L.)), 
white bream (Abramis bjoerkna (L.)), ide (Leuciscus idus (L.)), roach (Rutilus 
rutilus (L.)) and rudd (Rutilus erythrophthalmus). All these Cyprinidae have well-
developed pharyngeal teeth thus it is very likely that the mechanical digestion 
of Nymphaea, Nuphar and Nymphoides seeds by these fish species is identical 
with that of carp. 
The complete digestion of Nymphaea alba, Nuphar lutea and Nymphoides peltata 
seeds indicates that endozoochory plays only a minor role in the dispersal of the 
diaspores, in contrast to that of the seeds of the Potamogetón species studied here. 
In contrast to the globular, smooth seeds of Nuphar lutea and Nymphaea alba, 
the flat, hydrophobic Nymphoides peltata seeds may well adhere to for example, 
the feathers of waterfowl which rise from the water. Van der Velde and van der 
Heyden (1980) also mentioned the ease with which the seeds can be made to 
adhere to the skin by dipping a hand in the water on which the seeds float. 
During the external transport of seeds by waterfowl, the diaspores are subject 
to dehydration. Thus, the desiccation tolerance of the seeds partly determines 
their suitability for epizoochory. Guppy (1897) mentioned that seeds of Nymphaea 
alba and Nuphar lutea failed to germinate after a drying period of two months 
which is consistent with the results presented in this paper. In addition, Muenscher 
(1936) reported that after a 2-7 month drying period, seeds oí Nuphar variegata 
Engelm. and Nymphaea tuberosa Paine also failed to germinate, even after a 
subsequent chilling or puncturing of the seed coats. When seeds are kept in condi-
tions that prevent them from germinating, they can gradually enter a so-called 
enforced (Harper, 1957) or secondary dormancy (Baskin and Baskin, 1985). The 
tetrazolium staining conducted in this study demonstrated that no secondary dor-
" M 
mancy is involved, but that the seeds of Nuphar and Nymphaea are killed by 
desiccation. However, transport of the seeds from one water body to another can 
occur within a few hours and therefore the inadequate morphology of'Nymphaea 
alba and Nuphar lutea seeds with regard to adherence to, for example, the fea-
thers of waterfowl will play a more important role than their sensitivity to dehy-
dration. 
It appears that the seed dispersal oí Nymphaea alba and Nuphar lutea depends 
largely on water currents and weather conditions. This implies that colonization 
of these nymphaeid macrophytes in isolated water bodies will advance with diffi-
culty. This is in accordance with the findings of Mason (1975) who found that 
in New Zealand a number of long-established aquatic plants, including Nuphar 
lutea, were locally abundant but colonize other isolated waters only slowly, if 
at all, they were spread deliberately or accidentally by man. Because of the orna-
mental value of, in particular, Nymphaea alba and Nuphar lutea, man can and 
probably has contributed to the large distribution range of these nymphaeid ma-
crophytes in The Netherlands. 
Summarizing the results of this study, it may be suggested that local dispersal 
of Nymphaea alba, Nuphar lutea and Nymphoidespettata seeds is primarily de-
pendent on hydrochory. Because the seeds of Nymphoìdes pettata show good 
buoyancy, their dispersal range will be larger than those oí Nymphaea alba and 
Nuphar lutea. Therefore the more restricted occurrence of Nymphoìdes peltata 
compared with Nuphar lutea and Nymphaea alba must have other causes than 
dispersal (Van der Velde et al., 1986; Smits et al., 1988). The seeds of the nymp-
haeid macrophytes mentioned are not adapted to endozoochoric dispersal. As a 
consequence, the transport of diaspores between isolated water bodies must occur 
via adherence to the feathers, webbed feet or fur of waterfowl and mammals 
visiting the aquatic habitat, but only the seeds oí Nymphoìdes peltata are well 
adapted to this mode of distribution. 
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CHAPTER 3 
GERMINATION REQUIREMENTS AND SEED BANKS 
OF SOME ΝΥΜΡΗΑΕΠ) MACROPHYTES: 
NYMPHAEA ALBA L., NUPHAR LUTEA (L.) SM. 
AND NYMPHOIDESPELTATA (GMEL.) O. KUNTZE 
A.J.M. Smits, P.H. van Avesaath 
and G. van der Velde 
Freshwater Biology, (1990) 24: 315-326. 
ABSTRACT 
Germination experiments demonstrated that the innate dormancy of the seeds 
of Nymphaea alba L., Nuphar lutea (L.) Sm. and Nymphoidespettata (Gmel.) 
O. Kuntze could be overcome by a cold treatment. Light stimulated the germinati-
on of the three species. Hypoxic conditions stimulated the germination oí Nymp-
haea alba and Nuphar lutea seeds but the seeds of Nymphoidespettata did not 
germinate under these conditions. 
Experimental seed banks of Nymphaea alba, Nuphar lutea and Nymphoides 
pettata were laid out in three water bodies, varying in pH and alkalinity. Germina-
tion patterns indicated that Nymphaea alba and Nuphar lutea produce transient 
seed banks, but that Nymphoides pettata produces a persistent seed bank. Sam-
pling of natural seed banks and subsequent germination tests were in concordance 
with the results of the seed bank experiment. 
The experimental above-ground seed banks of Nymphaea alba, Nuphar lutea 
and Nymphoides pettata showed similar germination patterns in the three selected 
water bodies, despite the differences in pH and alkalinity between them. However, 
the distribution of Nymphoides pettata is restricted to well-buffered waters, so 
that its absence from soft and acid water bodies must be due to post-germination 
mechanisms and/or processes. 
In aquatic systems where Nymphoides pettata co-exists with the other nymphaeid 
species studied, it is largely restricted to a belt between the helophytes and the 
vegetation at deeper sites. The deeper sites were dominated by Nuphar lutea and 
Nymphaea alba. Germination requirements and seedling emergence from buried 
seeds ofNymphaea alba, Nuphar lutea and Nymphoides pettata play an important 
role in the establishment of the zonation pattern of these nymphaeid macrophytes. 
INTRODUCTION 
In order to understand the processes causing zonation and the reproductive 
strategy of water plants, knowledge about seed bank production and seed germina-
tion is essential. However, the number of studies on wetland seed banks is small 
i n 
compared to that for terrestrial seed banks. Moreover, these investigations have 
been mainly concerned with emergent aquatics (Van der Valk & Davis, 1976, 
1978, 1979, Leck & Graveline, 1979; Smith & Kadlec, 1983; Parker & Leek, 
1985; Poiani & Johnson, 1988). 
Some germination aspects of NymphaeaalbaL. and Nuphar lutea (L.) Sm. have 
been discussed by Guppy (1897), Arber (1920) and Heslop-Harrison (1955a,b), 
but most of the information consists of occasional field observations or germinati-
on experiments under conditions that are not strictly defined. Recently, Roweck 
(1988) reviewed a considerable number of ecological studies on Nymphaea alba 
and Nuphar lutea. The available information concerning germination requirements 
and seed bank characteristics of these species appeared to be rather fragmentary 
and incomplete. Information about germination and recruitment maNymphoides 
pettata (Gmel.) O. Kuntze seed bank is also sparse (cf. Glück, 1924; Lammens 
& Van der Velde, 1978; Brock, 1985; Brock, Van der Velde & Van de Steeg, 
1987). 
Nuphar lutea, and in particular Nymphaea alba, have a broad ecological range 
with respect to alkalinity, and can be found in well-buffered, poorly buffered 
and even acid water bodies (Smits, et al, 1988). In contrast, the distribution of 
Nymphoidespettata is limited to well-buffered water bodies (cf. Van der Velde, 
Custers & De Lyon, 1986; Smits et al., 1988). It is not known whether this 
limited distribution is, wholly or partly, due to the germination requirements of 
the seeds. 
In relation to germination ecology it is of interest to examine the factors involved 
in the initiation of the germination process. Therefore, the germination ability 
of dormant seeds was studied under various conditions (i.e. after periods of cold 
treatment; incubation under hypoxia in dark and light). A distinction can be made 
between a 'transient' and a 'persistent' seed bank (Grime, 1979). 
A typical feature of a transient seed bank is that practically none of the seeds 
remain in the habitat in a viable state for more than a year. Thus, in a transient 
seed bank hardly any viable seeds are present between the end of the germination 
period and the period of seed release. A seed bank with a persistent nature, 
however, includes seeds more than 1 year old. To determine the type of seed 
bank ofNymphaea alba, Nuphar lutea and Nymphoides pettata, the germination 
process of buried and of above-ground seeds of each species was followed for 
1 year in two alkaline waters, and in one acidified water body. In addition, sedi-
ment samples of stands of the three nymphaeid species were taken and examined 
for the presence of viable seeds. 
After release, the seeds of these waterplants can easily sink in the mud or beco­
me covered by a considerable amount of sediment. Therefore, apart from germina­
tion conditions, ability of the seedlings to penetrate the soil layer and sediment 
type also determine the emergence of the seedlings. In the present study the seed­
ling recruitment of buried seeds has been studied in relation to soil depth. 
MATERIALS AND METHODS 
Germination experiments 
Freshly collected seeds of Nymphaea alba, Nuphar lutea and Nymphoides peltata 
were placed in open plastic containers filled with tap water at 4 °C. Each week 
a quadruplicate sample of twenty-five seeds was removed and transferred to a 
controlled temperature room at 15 °C to germinate under various conditions, 
which are schematically presented in Fig. 1. Two incubations were carried out: 
(a) Incubation in hypoxic tap water; the seeds were placed in 10 ml transparant 
glass vials which were filled with hypoxic tap water and subsequently air-sealed. 
The water had previously been bubbled with nitrogen gas in order to reduce the 
oxygen content to approximately 1.5 mg 0 2 Γ
1
. Dissolved oxygen was determined 
according to Drew & Robertson (1974). 
(b) Incubation in aerobic tap water; the seeds were placed in Petri dishes filled 
with 5 ml of water which was in equilibrium with the atmosphere. 
Both aerobic and hypoxic incubations of stratified seeds were conducted in dar­
kness or exposed to a photoperiod of 15.5 h. 
Light was provided by white fluorescent tubes, producing a light intensity of 150 
μΕίη5ίεϊη m"2 h"1. Seeds with a protruding radicle or a subulate first leaf were 
scored as germinated. Germination was recorded every 2 days for 3 weeks. After 
this period very little additional germination occurred. 
Statistical methods 
The influence of the hypoxic and light treatments on germination of seeds which 
were subjected to various cold periods (0-10 weeks) were analysed with logistic 
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regression models. Statistical analyses were performed with procedures available 
in the statistical package S.A.S. By means of stepwise hierarchical model selecti­
on, the number of two (or more) variables interaction terms was reduced to the 
significant ones only. 
DORMANT SEEDS 
COLD STRATIFICATION 
HYPOXIC CONDITIONS AEROBIC CONDITIONS 
ι ' 1 ι ' 1 
PHOTOPERIOD DARKNESS PHOTOPERIOD DARKNESS 
Fig. 1. Schematic presentation of the various treatments applied to nymphaeid seeds in 
the germination experiments. 
Seed bag experiment 
Seeds were collected from ripe fruits and placed in nylon mesh-cloth bags (4.0 
cm χ 3.0 cm). In order to simulate an underground and an aboveground seed 
bank, the bags were placed in and on the sediment of a water body, at 
approximately 2 m water depth. Each seed bag was connected by a line to an 
iron peg lodged in the sediment (Fig. 2). In each bag fifty seeds of Nymphaea 
alba or Nymphoides peltata were placed. Because the number of Nuphar lutea 
seeds available was limited, only twenty five seeds of Nuphar lutea were placed 
in one bag. In all, fifty seed bags per plant species were buried in the sediment 
at a depth of approximately 3 cm, and another fifty were located on top of the 
sediment. Accurate placing and sampling of the seed bags was carried out by 
SCUBA-diving in November 1986 and the germination rate of the seeds was 
followed for 11 months. Seeds with a protruding radicle or a subulate first leaf 
were scored as germinated. These experiments were carried out in three localities 
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¡η the Netherlands, viz. Voorste Goorven (51 °34'54"N; long 5°12'18"E), one 
of the water bodies within the Groenlanden (lat. 51°51'50"N; long 5°55'8"E) 
and Oude Waal (lat. 51°5Γ14"Ν; long 5°53'41"E). 
At these localities pH measurements were conducted using a Metrohm Herisau 
E 488 pH meter and a model EA 152 combined electrode. Alkalinity was 
measured in the laboratory by titration of 100 ml of water with 0.1 N HCl down 
to pH 4.2. The redox potential of freshly collected sediment was measured using 
an EA 127 combined platinum electrode, connected to a Metrohm Herisau E-588 
pH/mV meter. Physical and chemical data of the three localities selected for the 
seed bank experiment are presented in Table 1. 
At each sampling, two bags per seed species were collected. In addition, the 
temperatures of the water layer and the sediment in the vicinity of the seed bags 
were recorded. After collection of the seed bags the number of germinated seeds 
was counted and the viability of the remaining seeds was examined by 
determining their germinability under favourable conditions (see below; 
Germination conditions of sampled seeds). In October 1987 the remaining part 
of the seed bags was collected. 
Seed bank sampling of nymphaeid macrophytes 
Prior to sampling, stands of each nymphaeid species were regularly inspected 
to check fruit production and seed release. During this period the locations selec­
ted showed initial fruit production, but no seed release had yet occurred. Thus 
only seeds which were at least 1 year old could be collected from the sediment. 
In July 1987 sediment samples were taken in several locations from stands of 
the three species. The sediment samples were taken by means of a corer (length 
15 cm, diameter 4 cm) handled by a SCUBA-diver. Twenty samples were taken 
at random from Nymphaea alba, Nuphar lutea and Nymphoides peltata stands. 
After collection the sediment was washed on sieves of appropriate mesh size. 
The seeds found were set to germinate (see below; Germination conditions of 
sampled seeds) or stained with a tetrazolium solution (for the method see Moore, 
1973). Severely damaged seeds were discarded. 
тШтМІЛ 
Fig. 2. Schematic drawing of the experimental seed banks. The seed bags were laid out 
at a depth of about 2.0 m in a given water body. J : Plastic container filed with air and 
used by the SCUBA-diver for orientation. 2: Mesh-cloth bags filled with seeds buried 
in the sediment or placed on top of it. The seed bags were connected by means of a line 
to an iron peg placed in the sediment. 
Germination conditions of sampled seeds 
The germinability of the sampled seeds was determined by applying optimal 
germination conditions based on the results of this study, thus Nymphaea alba 
and Nuphar lutea seeds were incubated under hypoxic conditions, the seeds of 
Nymphoides pettata under aerobic conditions. All seeds were subjected to a 
photoperiod (experimental conditions and preparations were the same as described 
under Germination experiments). 
Seedling emergence as a function of soil depth 
Seeds oí Nymphoides pettata were not used in this experiment because laboratory 
experiments conducted previously had indicated that buried Nymphoidespeltata 
seeds were unable to germinate irrespective of the type of sediment (results not 
shown). Seeds oí Nymphaea alba and Nuphar lutea were placed at six different 
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depths in three types of soil in non-transparent plastic cups (9 cm diameter, 12 
cm deep). 
The sediment used was dredged from the Voorste Goorven, the Oude Waal and 
a location within the Groenlanden (for physical data, see Table 1 ). Fifty non-dor­
mant seeds of 'Nymphaea alba and Nuphar lutea were placed in each type of sedi­
ment at depths of 1, 2, 3, 4, 5 and 6 cm. The cups were placed under water in 
four basins (40 χ 40 χ 40 cm) filled with tap water. The experiment was 
performed in triplicate. The mean temperature in the glasshouse during the day 
was ca 20 °C. Seedling emergence and total percentage of germination was 
recorded after a period of eight weeks. 
Table 1. Physical and chemical data of the three localities selected for the seed bank 
experiment. Sediment dredged from these water bodies was also used for the seedling 
emergence experiment. The range of the collected data during the sampling period is 
presented. 
Water layer Sediment 
Alkalinity pH Sediment Redox potential 
Water body (meq 1') type (mV) 
Oude Waal 3.5-3.6 7.6-7.8 Sand/clay -170 to -120 
Groenlanden 1.2-1.4 8.0-8.5 Sand -100 to-40 





Seeds which germinated during the hypoxic treatment caused anoxic conditions 
within 3 days of incubation (results not shown). Because the incubation was 
started with ~1.5 mg 0 2 Γ
1
, this treatment remains referred to as 'hypoxic'. 
A cold stratification was found to initiate the germination of these seeds (Table 
2; regression coefficient in the logistic model, ßweeks). The seeds of Nymphaea 
alba were not only able to germinate under hypoxic conditions but germination 
of these seeds was actualy stimulated (ßhypoxic). 
Light stimulated the germination oí Nymphaea alba seeds under both hypoxic 
and aerobic conditions (ßweeks*light), but the effect of light was more evident when 
the seeds were incubated aerobically (ßhypoxic*light). A graphic presentation of 
the predicted and observed percentage of germination of Nymphaea alba seeds 
under light/dark and aerobic/hypoxic conditions is given in Fig. 3. Cold stratifica-
tion was needed to break the dormancy of Nuphar lutea seeds (ßweeks). Like the 
germination oí Nymphaea alba seeds, the germination of the seeds oí Nuphar 
lutea was also stimulated under hypoxic conditions (ßhypoxic; Fig; 3). 
Light stimulated the germination of these seeds under aerobic conditions (ßhyp-
oxic*light; Fig. 3) to a greater extent than under hypoxic conditions. The progressi-
on of the predicted germination under aerobic and hypoxic conditions was diffe-
rent after an increasing cold treatment (ßhypoxic* l/weeks). 
The germination rate of Nymphoides peltata seeds was also stimulated after 
an increasing cold treatment (ßweeks). In contrast with Nymphaea alba and Nuphar 
lutea, the seeds oí Nymphoides peltata were unable to germinate under hypoxic 
conditions. Light stimulated the germination oí Nymphoides peltata seeds under 
aerobic conditions (Blight; Fig. 3). The progression of the predicted germination 
under light conditions was also different than in the dark incubation (ßweeks*light). 
Seed bag experiment 
With regard to the redox-potential of the respective sediments, it can be con-
cluded that the buried seed bags were exposed to an anoxic environment (Table 
1; cf. Boström, Jansson& Forsberg, 1982). Sampling of experimental seed banks 
in December 1986 demonstrated that seeds oí Nymphaea alba, Nuphar lutea and 
Nymphoides peltata are dormant during the winter. Frequent sampling of the seed 
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bags was postponed until early spring (March 1987). Germination of the seed 
bags of Nymphaea alba and Nuphar lutea commenced in April and rose sharply 
during May and June (Fig. 4). The germination process started when temperature 
in the water layer of the Voorste Goorven, the Groenlanden and the Oude Waal, 
was about 10 °C (results not shown). In August, almost all seeds of Nuphar lutea 
and Nymphaea alba had germ inated. At that time the temperature around the seed 
bags had risen to about 20 °C (generally the temperature of the sediment was 
approximately 1 °C lower than the water layer). Despite differencesin alkalinity 
and pH of the water layers of the three selected water bodies, a similar germinati­
on pattern could generally be observed for the buried and above-ground seeds 
of'Nymphaea alba and Nuphar lutea (Fig. 4). The observed differences in germi­
nation rates are probably due to the various characteristics of each water body 
(e.g. redox-potential of the sediment, structure of the sediment, etc.). 
Table 2. Results of the logistic regression analyses of the germination of Nymphaea alba, 
Nuphar lutea and Nymphoides pettata seeds respectively, β = regression coefficient; SE 
= standard error of β; Ρ = level of significance; - = P>0.05; * = 0.01 <P < 0.05; 
** = 0.001 <P< 0.01; *** = P < 0.001. N.A. = not applicable. N.S. = not signifi­
cant interaction and deleted in the applied model. 
Nymphaea alba Nuphar lutea Nymphoides peltata 
Dependent 





Light - 0.20 
Hypoxic 5.63 
1/weeks - 4.57 
Weeks*light 0.41 
Hypoxic'light -2.18 
Light* l/wecks -3.19 
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Fig. J. ГАе mean observed and predicted germination percentages ofNymphaea alba, 
Nuphar lutea andNymphoides pel tata seeds after various periods of cold stratification 
under aerobic and hypoxic conditions. Observed germination with aphotoperiod is indica­
ted bij open symbols. Observed germination in de dark is indicated bij closed symbols. 
Continuous lines represents predicted germination; broken lines indicate confidence limits 
according to the applied logistic regression models. No germination of Nymphoides peltata 
seeds could be registered under hypoxic conditions. 
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More important is the observation that, regardless the type of water body, in Sep-
tember 1987 practically all Nymphaea alba and Nuphar lutea seeds had 
germinated. Examination of the remaining above-ground and underground seed 
bags in the three selected water bodies in October 1987 confirmed that almost 
all Nymphaea alba and Nuphar lutea seeds had germinated during the first gro-
wing season after release (Fig. 4; bars), because those seeds which had not germi-
nated by October were subsequently found not to germinate under favourable 
conditions back in de laboratory. 
The germination of Nymphoidespeltata seeds commenced in April 1987, but 
only in bags on the sediment (Fig. 4). The germination rate of these seeds at all 
three localities was found to be rather irregular compared to the germination pat-
terns ofNymphaea alba and Nuphar lutea seeds. However, Nymphoides peltata 
seeds which did not germinate originated from seed bags which had become 
covered with a thin layer of detritus, so that dark, hypoxic conditions within the 
seed bags could have occurred. Light and oxygen are required for the germination 
of Nymphoides peltata seeds. 
When the remaining Nymphoides peltata seed bags were collected in October 
1987, a number of seeds located above the sediment, and all buried seeds, were 
found not to have germinated during the first growing season after release. The 
highest number of germinated seeds was found in the Voorste Goorven, indicating 
that the germination oí Nymphoides peltata is not impeded by the acid water layer 
of this water body. The remaining Nymphoides peltata seeds in both buried and 
above-ground seed bags appeared to be viable, as germination was 100 % under 
favourable conditions in the laboratory. 
Sampling of the natural seed bank 
The numbers of seeds recovered from the sampled sediments are presented in 
Table 3. In all water bodies selected, considerable numbers of Nymphaea alba 
and Nuphar lutea seeds were found. The seeds found in the sediment were at 
least 1 year old, because at the time of sampling the influx of fresh seeds had 
not yet taken place (see Materials and Methods). However, these seeds were 
unable to germinate under favourable conditions for germination. Their tissue 
had a brown colour and was decomposing or was absent. 
Table 3. Seeds recovered front sediment collected from several water bodies dominated 
by nymphaeid macrophytes. The viability of the collected seeds was tested under favou­
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In contrast, more than half of the retrieved Nymphoides peltata seeds germinated 
within 3 weeks under favourable conditions for germination. Non-germinated 
Nymphoides peltata seeds could be stained with a tetrazolium solution, indicating 
that there was still some metabolic activity. 
Seedling emergence as a function of soil depth 
Nearly all seeds of Nymphaea alba and Nuphar lutea (95 - 100 %) germinated 
in the course of the experiment, irrespective of the type of sediment or depth. 
Seedling emergence after a period of 8 weeks is presented as a function of soil 
depth in Fig. 5. 
In the sediments of the Oude Waal (sand/clay), the Groenlanden (sand) and 
the Voorste Goorven (organic sapropelium) the number of emerged Nymphaea 
alba seedlings decreased sharply with depth. The maximum depth from which 
any number ofNymphaea alba seedlings could still reach the surface of the sedi­
ment was 5 cm. No seedlings emerged from a depth of 6 cm or more, irrespective 
of the sediment type. 
Seedling emergence of Nuphar lutea was greater, at around 50% from a depth 
of 6 cm in the sand (the Groenlanden) or sand/clay (the Oude Waal) sediment. 
Seedling emergence of both species was found to be retarded in the organic sapro­
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Fig. 5. Mean numbers of'germinated seeds (+ S.D.) producing an emerged seedling. The 
seeds were buried at various depths in three different types of sediment. Sediment was 
dredged from the Oude Waai (sand/clay mixture), the Groenlanden (sand) and the Voorste 
Goorven (organic sapropelium). The experiments were performed in triplicate. 
DISCUSSION 
Generally speaking, seeds germinate in places and at times where conditions 
favour establishment of the seedlings (Harper, 1957). The period after seedfall 
is usually an unfavourable period for seedling establishment. Dormancy of the 
seeds then serves to postpone germination. Baskin & Baskin (1985) used several 
definitions with respect to different states of dormancy. The seeds are called 
innately dormant when after seedfall they are not able to germinate under any 
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set of normal environmental conditions. An incubation for an extended period 
under certain conditions is needed to obtain non-dormant seeds. Seeds changing 
from dormancy to non-dormancy pass through a phase of gradual transitions, 
which eventually lead to non-dormancy. During this phase germination can be 
initiated under certain conditions. The seeds are then called conditionally dormant. 
The results of our germination experiments, as well as the seed bank experi-
ments, demonstrated that dormancy of Nymphaea alba, Nuphar lutea and, to a 
lesser extent, Nymphoidespeltata require a chilling period to overcome innate 
dormancy. During cold stratification the seeds become conditionally dormant. 
In this state the germination of Nymphaea alba and Nuphar lutea seeds can be 
initiated by hypoxic conditions and light. In contrast to these two species, suf-
ficient oxygen is an absolute requirement to overcome the conditional dormancy 
of Nymphoides peltata seeds. As a consequence, the hypoxic and anoxic con-
ditions which generally exist in the aquatic sediment result in a conditional dor-
mancy of the buried Nymphoides peltata seeds. Both innate and conditional dor-
mancy of Nymphaea alba, Nuphar lutea and Nymphoides peltata contribute to 
the production of a seed bank. 
On the basis of the results of the germination experiments it might be expected, 
in nature, that germination of buried Nymphaea alba and Nuphar lutea seeds 
would be ahead of the germination of seeds located above ground, but in most 
instances the opposite was found. It is conceivable, however, that in stagnant 
waters the water layer directly above the sediment is hypoxic (cf. Ponnamperuma, 
1984), and in combination with light and a slightly higher temperature this may 
result in an enhanced germination rate of above-ground seeds compared to buried 
seeds. 
Nymphaea alba and Nuphar lutea produce a transient seed bank. The innate 
dormancy of the released seeds prevents germination in autumn. In autumn and 
winter the seeds experience a natural chilling and massive germination of above-
ground and buried seeds occurs when the temperature increases in spring and 
summer. Our failure to detect germinable seeds older than one year in the sedi-
ment also indicates that the seed banks oí Nymphaea alba and Nuphar lutea have 
a transient character. However, it is possible that, under particular circumstances, 
the germination oí Nymphaea alba and Nuphar lutea can be postponed (e.g. the 
Nuphar lutea and Nymphaea alba seeds do not germinate when the ambient 
C02 concentration is extremely high; i.e. > 10 mM; personal observation). 
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Compared with Nymphaea alba and Nuphar lutea seeds, Nymphoides peltata 
seeds need only a short cold period to overcome their innate dormancy. The low 
temperature in autumn and winter also prevents germination oí Nymphoides pel-
tata seeds. As the temperature increases, practically all Nymphoides peltata seeds 
situated in an aerobic environment germinate. Seeds which are located in an 
anaerobic environment do not germinate, but stay viable and contribute to the 
production of a persistent seed bank. In view of the great floating ability of Nym-
phoides peltata seeds (Smits, Van Ruremonde and Van der Velde, 1989), large 
numbers of seeds will run ashore in the littoral zone of a water body. The aerobic 
conditions which prevail in this zone will lead to massive germination in spring. 
It is only a relatively small proportion of the released seeds, those that sinks and 
become buried, that contributes to a persistent seed bank. The buried seeds ger-
minate as soon as they experience germination-favourable conditions, i.e. when 
the available oxygen concentration, light and temperature are sufficient. The 
habitat ofNymphoides peltata is regularly subjected to the effects of fluctuating 
water levels, and its vegetation becomes frequently disturbed. 
Under these conditions the advantage of the persistent seed bank oí Nymphoides 
peltata is obvious, since long-term survival of the population mainly depends 
upon the ability to remain in a dormant condition during periods in which the 
habitat is unsuitable for vegetative progeny. 
In the present study no indication was found that the germination of Nym-phaea 
alba, Nuphar lutea and Nymphoides peltata seeds was affected by water alkalinity 
or acidity. This implies that the generative propagation of Nymphaea alba and 
Nuphar lutea in recently acidified water bodies is not endangered at the level 
of seed germination. It follows, that post-germination processes must be the cause 
of the absence of Nymphoides peltata in poorly buffered and acid waters. 
Compared with Nymphoides peltata, stands ofNymphaea alba and Nuphar lutea 
are generally found in deeper water (Brock, 1985; Brock et al., 1987). It is very 
likely that some aspects of germination physiology and seedling morphology of 
these species contribute to this zonation. As a consequence of the poor floating 
ability of Nymphaea alba and Nuphar lutea seeds, a large number of them will 
sink into the hypoxic or anoxic mud after seedfall (Smits et al., 1989). The germi-
nation physiology of Nuphar lutea and Nymphaea alba seeds is adapted to this 
environment, i.e. the seeds are able to germinate in the dark and under low oxy-
gen concentrations, or in the absence of oxygen (cf. Smits & Wetzeis, 1986). 
The capacity of seeds to germinate under hypoxic conditions has also been descri-
bed for some other plants and can be considered as an adaptation to the aquatic 
soil (Morinaga, 1926; Taylor, 1942;Kordan, 1977; Rumpho& Kennedy, 1981; 
Keeley, 1988). 
In addition, the seedlings of Nymphaea alba and Nuphar lutea are also morpho-
logically adapted to germination in the aquatic sediment. Despite the fact that 
these nymphaeids are considered to be dicotylodons, the seedlings oí Nymphaea 
alba and Nuphar lutea produce subulate first leaves which facilitate penetration 
of the mud and serve as a protective organ for the following leaves (indicated 
by Wheeler-Haines & Lye, 1975 as'coleoptile'). As Nymphaea alba ana Nuphar 
lutea seeds are able to germinate under a wide range of environmental conditions, 
the main cause of seed mortality in this species will be germination at a depth 
unsuitable for emergence of the seedlings. 
Germination of Nymphoidespettata seeds occurs only under aerobic conditions, 
and this restricts germination and establishment of seedlings to exposed mud flats 
or very shallow water. The great tolerance of Nymphoidespeltata seeds with res-
pect to desiccation can also be regarded as an adaptation to this environment 
(Smits et al, 1989). 
The seedlings of'Nymphoidespeltata lack adaptations to an underwater climate 
such as a subulate first leaf or underwater leaves (Glück, 1924), which make 
deeper sites unsuitable for seedling establishment. 
The light climate plays an important role in the germination of'Nymphaea alba, 
Nuphar lutea and Nymphoides peltata seeds. Light stimulates the germination 
of all three species. Shading by a leaf canopy of helophytes or by floating leaves 
may prevent seedling establishment of these species. 
It can be concluded that the various germination responses of the seeds of the 
nymphaeid macrophytes are of significance with respect to zonation in a water 
body enhancing survival and reproductive success of the population. 
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INFLUENCE OF ETHANOL AND ETHYLENE ON THE SEED 
GERMINATION OF THREE NYMPHAEH) WATER PLANTS 
A.J.M. Smits, F.H.W. Schmitz, G. van der Velde and L.A.C.J. Voesenek 
Freshwater Biology (1994) accepted. 
ABSTRACT 
Under anaerobic conditions cold stratified seeds oìNymphaea alba and Nuphar 
lutea germinated readily and released ethanol (up to 6 -7 mM ethanol g'dw), 
whereas seeds of Nymphoidespeltata did not germinate and hardly any ethanol 
was released (up to 1.5 mM ethanol g"'dw). Ethylene release by seeds oìNym-
phaea, Nuphar and Nymphoides incubated under hypoxic conditions could not 
be detected. 
Under aerobic conditions all Nymphaea and Nuphar seeds germinated, but at 
a lower rate compared with anaerobic incubation. Ethanol release under aerobic 
conditions was low (1.5 - 2 mM ethanol g"'dw). Under aerobic conditions the 
seeds οι Nymphoides germinated promptly and ethanol release was low (0 - 0.5 
mM ethanol g'1 dw). 
Germination of Nymphaea and Nuphar seeds in an ethanol solution (350 mM) 
was generally stimulated compared with that in water, but no significant effect 
was recorded if seeds had not received a cold treatment or had been stratified 
for eight weeks. Germination of Nymphoides seeds was inhibited in the ethanol 
solution unless they had received a cold treatment of twelve weeks. 
Germination of Nymphaea and Nuphar was stimulated by ethylene (5 μ% Γ1) 
but germination in moist air was lower than under normal submersed conditions. 
A stimulating effect of ethylene on the germination of Nymphoides seeds was 
also evident. 
It is suggested that ethanol and ethylene play an important role in determining 
niches for germination, contributing to the zonation of these nymphaeids in a 
water body. 
INTRODUCTION 
Nymphaea alba L., Nuphar lutea (L.) Sm. and Nymphoides peltata (Gmel.) O. 
Kuntze share a nymphaeid growth form but often occur at different sites in water 
bodies (Brock, 1985; Van der Velde et al., 1986). Nymphaea is frequently found 
in sheltered waters with an organic sediment whereas Nuphar roots in a similar 
substratum but is capable of maintaining itself at locations subject to water cur-
M 
rents and wave action (Kirchner, Loew and Schröter, 1927; Brock, 1985). Nym-
phoides is frequently found in water bodies that have a fluctuating water level 
and are regularly subjected to water currents and erosion. Nymphoides is a 'inde-
rai' water plant, capable of swift colonisation of eroded areas of the littoral zone. 
Nymphoides can also occur on sediments with a relatively high organic matter 
content (Grote, 1980; Van der Velde et al., 1986) but probably does not tolerate 
too great an accumulation of organic material (Van der Voo and Westhoff, 1961 ; 
Westhoffet al., 1971 ). Due to water level fluctuations the physico-chemical pro-
cesses in the sediment in the littoral zone resemble that of soils which become 
periodically waterlogged. 
The ethylene production of waterlogged soils has been described by Smith and 
Russell (1969) and Smith and Restall (1971). Ethylene is produced in the water-
logged soil during the depletion of oxygen as a result of microbial respiration 
during submersion. If oxygen concentrations drop below 2 volume %, ethylene 
production occurs. Experiments with sterilized soils demonstrated that the ethylene 
production originates from an enzymatic and not a chemical conversion process. 
Accumulation exceeding 20 μg Γ' ethylene was measured in gas spaces of several 
soil types after 10 days at a temperature of 20 °C. The quantity of ethylene evol­
ved after 10 days of incubation was approximately proportional to the organic 
matter content of the soil, up to about 10 volume %. After this period, the amount 
of oxygen has been completely consumed and ethylene production ceases. Thus, 
no ethylene production by microbial activity will occur in a permanently submer­
sed soil where the oxygen consumption rate is higher than the rate of oxygen 
supply by diffusion. 
In aquatic sediments both anoxic and hypoxic conditions are present (in the dee­
per, organic parts and the littoral zone, respectively). The observation that Nymp-
haea, Nuphar and Nymphoides roots have a capacity for ethanol fermentation 
under anaerobic conditions (Smits, Laan, Thier and Van der Velde, 1990), leads 
to the question whether the seeds also have this capacity for ethanol fermentation 
and if so, whether ethanol plays a regulating role in the germination process (Fig. 
1). Furthermore, it will be of interest to know whether the seeds of Nymphaea, 
Nuphar and Nymphoides are able to produce the phytohormone ethylene under 
hypoxic conditions and if so, whether this affects germination. The present paper 
discusses the results of a number of seed germination experiments designed to 
provide an answer to these questions. 
MATERIALS AND METHODS 
Seed collection and storage 
Ripe Nymphaea fruits were collected from Achterste Goorven (coordinates N 
5 Γ34'54", E 5°12' 18"); Nuphar fruits from Oude Waal (coordinates N 51°5 Г14", 
E 5°53'41") and Breukelen (coordinates N 52°10'50", E 5°0Г16"); Nymphoides 
fruits from the Oude Waal and Millingerwaard (N 51°51'53", E 5°59'57"). All 
fruits were stored in open plastic containers filled with tap water at room tempera­
ture (c. 20 °C). Pressurized air provided stirring and aeration of the seed stock. 
After the seeds were released from the fruits they were stored at 1 - 4 °C (cold 
stratification). Tap water was changed frequently during storage. 
Release of ethanol by seeds 
To rule out the possibility of ethanol production by microorganisms attached 
to the seed coat, the seeds were sterilized. Twenty-five, 9 weeks stratified seeds 
of each of Nuphar, Nymphaea and Nymphoides were sterilized by placing them 
in an 1 % chlorine solution for 20 min. The seeds were subsequently placed in 
serum flasks (30 ml) filled with sterilized aerobic or anaerobic water. Anaerobic 
water was obtained by saturating water with nitrogen gas for one hour. The flasks 
were made airtight with the help of a screw cap. The seeds were allowed to ger­
minate in a controlled temperature room at 20 °C. Light was provided during 
a 16 h light period by means of white fluorescent tubes. The light intensity was 
approximately 100 - 130 μΕίηβίβίη m"2 s "'. A rubber sealing pad in the screw 
cap allowed sampling with hypodermic syringes. Samples of 0.5 ml were taken 
for ethanol determinations at regular intervals during the incubation. The removed 
sample volume was replaced by an identical volume of aerobic or anaerobic water, 
as appropriate. Ethanol was assayed enzymatically according to Bernt and Gut­
mann (1974). The incubations were conducted in duplicate. 
Ethanol and germination 
After a period of cold stratification of 0, 4, 8 and 12 weeks, four batches of 
25 non-sterilized seeds per species were placed in a Petri dish filled with a 350 
mM ethanol solution. This ethanol concentration was chosen because it was the 
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Fig. 1. Diagram of the hypothetical events that occur during the germination ofNym-
phaea, Nuphar and Nymphoides seeds. The events marked with an asterisk were inves­
tigated in the present study. 
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anaerobic conditions in the present study. Four batches of 25 seeds placed in 
twice-distilled water served as controls. The seeds were allowed to germinate 
under conditions similar to those described above. Seeds with aprotruding radicle 
{Nymphoides) or first subulate leaf {Nymphaea and Nuphar) were scored as ger­
minated. The ethanol solution and the twice-distilled water were renewed weekly. 
Release of ethylene by seeds 
Because the sterilization of seeds may affect the vitality of the seeds it was deci­
ded to determine ethylene release by non-sterilized seeds firstly. If any ethylene 
release could be detected than measurements of ethylene release of sterilized seeds 
could be useful. Cold ( 8 - 9 weeks) stratified seeds (50 and 100 seeds per spe­
cies), were placed in 6 ml capped serum flasks. Subsequently about 3 ml of nitro­
gen saturated water was added so that the seeds were fully submersed and hypoxic 
conditions were created. After twenty days of incubation the flasks were shaken 
and the air in the flasks was sampled and analyzed for the presence of ethylene. 
A gas-tight syringe was used to collect one ml air samples and inject them into 
a Chrompack Packard gas Chromatograph, model 43 8 A, with a packed Poropack 
Q column (length 100 cm), filled to a density of 0.34 g cm-3, at 60 °C. 
Ethylene and germination 
In order to determine the effect of external ethylene on germination, 25 
(8-9 weeks) stratified, non-sterilized seeds were incubated in glass serum flasks 
(650 ml) filled with an air-ethylene mixture. In order to mimic an environment 
in which ethylene is produced (viz. above a soil producing ethylene), the seeds 
were placed on moist filter paper. Four serum flasks were used per species and 
per treatment. Preliminary experiments demonstrated that the germination response 
of Nymphaea, Nuphar and Nymphoides seeds exposed to 0, 1, 5 and 10 μg Γ1 
ethylene mixtures was maximal at 5 μg Γ' ethylene. Hence, four flasks were filled 
with a 5 μ% Γ' ethylene mixture (AGA, Amsterdam, The Netherlands) and four 
serum flasks with medicinal air (AGA, Amsterdam, The Netherlands). 
The flasks were made airtight with the help of a screw cap. A rubber sealing pad 
in the screw cap allowed the gas mixtures to be renewed with two hypodermic 
syringes. The gas was led through the first syringe into the serum bottle, while 
the displaced gas could escape through a second syringe. The air in the serum 
flasks was replaced by flowing 2 litres of ethylene-air mixture through the flasks. 
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This was repeated during the second day of the experiment. Subsequently 1.4 
litres of gas were flown through the flasks every third day in order to maintain 
the composition of the gas mixture as it was at the beginning of the experiment. 
The ethylene concentration in the serum flasks was determined as described 
above. The temperature and light conditions and the criteria for seed germination 
used in the ethylene experiment were identical to those in the ethanol experiment. 
Statistical methods 
The regression coefficients of the ethanol release rates during anaerobic and 
aerobic incubation were compared by means of an F-test (S.A.S., 1986). The 
data obtained in the ethanol and ethylene experiments were analyzed by a distribu-
tion-free test for curve analysis (Koziol et al., 1981). 
RESULTS 
Release of ethanol by seeds 
The seeds of Nymphaea and Nuphar germinated in both aerobic and anaerobic 
water. After fifteen days of anaerobic incubation 60 - 70 % of the seeds had 
germinated, as opposed to approximately 10-20 % in the aerobic incubation 
(results not shown). The seeds of Nymphoides only germinated in aerobic water. 
Nymphaea and Nuphar seeds released more ethanol in the anaerobic incubation 
(up to 6 - 7 mM ethanol g'1 dw) than in the aerobic incubation (1 -1.5 mM etha-
nol g"1 dw) (Fig. 2). The seeds of Nymphoides released a small amount of ethanol 
during the first phase of anaerobic incubation (up to 1.5 mM ethanol g'1 dw) but 
this ceased after day 6. Under aerobic conditions the seeds oí Nymphoides ger-
minated promptly (70 % within fifteen days; results not shown) and ethanol 
release was low. 
The ethanol release by Nymphaea and Nuphar seeds during anaerobic incubation 
was significantly different from that during aerobic incubation (P < 0.0001). There 
was no significant difference in ethanol release by Nymphoides pettata seeds under 
aerobic and anaerobic conditions. 
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Fig. 2. Accumulation of ethanol releasedby sterilizedNymphaea alba, Nuphar lutea and 
Nymphoides pettata seeds during aerobic (open symbols) and anaerobic (closed symbols) 
incubation. Mean numbers are shown; each replicate contained 25 seeds and η = 2. Bars 
represent standard error of the mean. 
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Ethanol and germination 
Without a cold treatment only one or two Nymphaea, Nuphar and Nymphoides 
seeds germinated in the ethanol solution or in twice distilled water over a period 
of 60 days. This erratic germination is not considered representative of the germi-
nation process of these nymphaeid water plants. The germination rate of all three 
plant species increased with increasing duration of the cold treatment (Fig. 3). 
After a cold treatment of four weeks ethanol stimulated the germination of Nym-
phaea seeds. Due to fluctuations in the numbers of germinated seeds which were 
stratified for eight weeks, this effect was not significant. The stimulating effect 
of ethanol could once more be observed when seeds were used which had under-
gone a cold treatment for 12 weeks. The course of the germination process of 
Nuphar resembled that oí Nymphaea. Once again, there was a stimulating effect 
of the ethanol on the germination of the seeds. 
Unlike Nymphaea and Nuphar, the germination of'Nymphoides seeds was inhibited 
by ethanol. However, increasing the stratification period reduced the magnitude 
of this effect and after a cold treatment of twelve weeks the germination rate was 
so high that the inhibitory effect of ethanol was no longer noticeable. 
Ethylene and germination 
No ethylene production by Nymphaea, Nuphar or Nymphoides seeds could be 
detected after twenty days of incubation. 
Ethylene stimulated the germination οι Nymphaea, Nuphar and Nymphoides seeds 
(Fig. 4). However, the total numbers of germinated seeds of Nuphar and in par­
ticular Nymphaea were low compared to those in the ethanol experiment. The 
stimulating effect of ethylene was most evident in the germination of Nymphoides. 
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Fig. 3. Germination of Nymphaea alba, Nuphar lutea and Nymphoides peltata seeds in 
a 350 mM ethanol solution (closed symbols) and in a water control (open symbols). Before 
the seeds were allowed to germinate they were stored for various stratification periods 
at 1 - 4 °C ( 4, 8 and 12 weeks). Mean numbers (± s.e.) are shown; each replicate contai­
ned 25 seeds, η = 4. The data were analyzed by a distribution-free test for curve analysis 
(Koziol et al, 1981). Abbreviations: n.s. = not significant; * =0.05 > p> 0.01; ** = 
о < 0.01. Nymphaea alba, 4 weeks, n.s.; 8 weeks, n.s.; 12 weeks, *. Nuphar lutea, 4 
weeks, *; 8 weeks, n.s.; 12 weeks, n.s.; Nymphoides peltata, 4 weeks, *; 8 weeks, **; 
12 weeks, n.s.. 
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Fig. 4. Effect of5 μg l~' ethylene (closed symbols) on the germination ofNymphaea alba, 
Nuphar lutea and Nymphoides pettata seeds. Open symbols = air (control). Mean numbers 
(± s.e.) are shown, each replicate contained 25 seeds; η =4. Duration of the cold treat­
ment of the seeds exposed to ethylene was eight weeks. Germination in the moist ethylene-




Under anaerobic conditions the seeds oïNymphaea and Nuphar produce a sub-
stantial amount of ethanol, which is released into the surrounding water. Under 
these conditions there is no germination of'Nymphoides seeds and ethanol release 
by the seeds is low and temporary. 
Regardless of ethanol release, ethanol by itself (i.e. externally applied ethanol 
under aerobic conditions) appears to stimulate the germination of Nymphaea and 
Nuphar seeds. The effect of externally applied ethanol (this study) does not match 
germination under anaerobic conditions (see also Smits, Van Avesaath and Van 
der Velde, 1990) and this is probably because externally added ethanol can only 
partly simulate the effect of endogenously produced ethanol. Both concentrations 
and sites of action differ for external and endogenous ethanol. 
A few other studies have demonstrated that externally added ethanol alleviates 
seed dormancy. Taylorson (1988) showed that not only ethanol but also other 
compounds with an anaesthetic effect stimulate germination. The explanation 
given was that compounds with an anaesthetic effect increase the permeability 
of the plasmalemma, thereby also increasing the transport of ions. This activates 
a number of metabolic events which precede germination. 
The observations made in this study indicate that stimulation of germination in 
anaerobic mud is, at least partly, mediated by ethanol. It is suggested that ethanol 
production by Nymphaea and Nuphar seeds under anaerobic conditions and the 
germination-stimulating effect of ethanol together act as a self-accelerating ger-
mination process. 
The fact that the germination of Nymphoides seeds, which takes place exclusively 
in the presence of oxygen, is inhibited by ethanol emphasizes the limited adap-
tation of this plant species to anaerobic conditions. 
Ethylene 
It was not possible to demonstrate release of ethylene by the seeds. Either no 
ethylene production occurred or the concentration of ethylene in the gas space 
of the incubation flasks was too low for detection. We can not exclude the pos-
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sibility that ethylene can be produced by Nymphaea, Nuphar and Nymphoides 
seeds. 
The germination rates of'Nymphaea and Nuphar seeds in the ethylene experiment 
were strikingly low compared with those in the ethanol experiment. It appears 
that the observed germination of Nymphaea and Nuphar seeds in moist air is 
retarded. 
As far as could be ascertained, only one study so far has dealt with the effect 
of ethylene on the germination of seeds of aquatic macrophytes. The germination 
of seeds of Nymphaea odorata Ait., an American white waterlily, was found to 
be stimulated by 2-chloroethylphosphonic acid (ethyphon) and inhibited by 
aeration and C02 (Else and Riemer, 1984). These authors also concluded that 
ethylene was a germination stimulating factor. 
Ethanol and ethylene characterise niches for germination 
In the competition process a swift colonisation of the substratum and a gain 
in biomass during the growth season are important. Therefore, seeds must be able 
to sense their environment and to "recognize" a suitable site for germination and 
seedling establishment. In this process physical conditions and/or the presence 
of compounds that are characteristic of a certain niche, and that influence the 
germination of seeds, may play an important role. For example, Stockey and Hunt 
(1992) demonstrated that fluctuating water conditions characterise niches for 
germination in Alisma plantago-aquatica L.. In this sense ethanol, as a charac-
teristic compound of anaerobic metabolism that stimulates the germination of 
Nymphaea and Nuphar seeds, could be designated as a niche-specific compound 
for these species, indicating the presence of organic, anaerobic soils. 
Analogous to this function of ethanol, ethylene could act as a niche identifying 
compound for Nymphoides. The presence of ethylene can be expected in and just 
above sediments which are only periodically submersed and in which hypoxic 
conditions prevail, a prerequisite for ethylene production. This environment is 
most likely to be found in shallow water zones in combination with fluctuating 
water levels, the habitat where Nymphoides occurs frequently. The ethylene which 
is produced by microorganisms in the sediment (or possibly released by the seeds 
themselves) stimulates the germination ofNymphoides. Therefore, it is interesting 
that Lammens and Van der Velde (1978) and Brock, Van der Velde and Van 
der Steeg (1987) reported massive germination of Nymphoides seeds on an ex-
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posed bed after a sudden drop in the water level. Of course the observed increase 
in germination rate may have been due to a number of factors, such as increased 
oxygenation, temperature and light intensity, but an elevated release of ethylene 
by the wet mud exposed to the air could also have contributed to this phenome-
non. The germination of Nymphaea and Nuphar is also stimulated by ethylene, 
but exposed conditions appear to hamper germination of these seeds, so that the 
overall effect is a low germination rate. In contrast to Nymphoides the seedlings 
of Nymphaea and Nuphar dessicate readily after emergence. 
It was suggested above that ethanol and ethylene affect germination in such a 
way that they could act as niche-identifying substances. However, their action 
is just part of a chain of events which eventually lead to stimulation or 
postponement of germination. Fluctuating temperatures, carbon dioxide con-
centrations, sensitivity to toxic substances in the sediment, among other things, 
may also affect the germination process in one way or another. Our current under-
standing of the germination responses of Nymphaea, Nuphar and Nymphoides 
seeds (Smits et al., 1990b and this study) can be summarized as follows. A clear 
distinction can be made between conditions or factors associated with organic 
sediments present in the deeper parts of a water body and less organic sediments 
present in the littoral zone of a water body. Anaerobic conditions, the presence 
of ethanol and darkness are associated with the deeper parts of a water body. 
The germination of Nymphaea and Nuphar seeds is stimulated by anaerobic con-
ditions and ethanol. Germination of Nymphoides seeds does not occur under 
anaerobic conditions whereas ethanol inhibits the germination of these seeds. 
In the littoral zone, aerobic or hypoxic conditions prevail in the sediment, which 
contains less organic material and is subjected to fluctuating water levels. Under 
aerobic conditions, low germination rates oí Nymphaea and Nuphar seeds have 
been recorded, while the germination rate of Nymphoides seeds is high. Moreover, 
in contrast to Nymphoides seeds the germination of Nymphaea and Nuphar seeds 
under conditions where ethylene can be produced is low. 
The seeds of all three plant species are able to germinate under dark condi-tions. 
The germination of seeds of all species, in particular Nymphoides, is stimulated 
by light. From these data it can be deduced that the germination of Nymphaea 
and Nuphar is stimulated by factors associated with soft, organic sediments, in 
which dark and anaerobic conditions prevail. The germination of Nymphoides 
seeds is stimulated by factors associated with littoral sediments, in which light 
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and oxygen are most likely to be available, and is inhibited by those which are 
associated with organic sediments in the deeper parts of a water body. 
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CHAPTER 5 
FOOD PREFERENCE OF THE GREAT POND SNAIL 
(LYMNAEA STAGNALIS (L.)) FOR WATER LILIES 
AND SOME PONDWEED SPECIES 
A.J.M. Smits, G. van der Velde and P.E.M. Brouwer 
ABSTRACT 
The aquatic macrophytes Nymphaea alba L. and Nuphar lutea (L.) Sm. produce 
a large number of seeds which all germinate during the first growing season after 
seed release. Despite the large seed production, seedlings can only occasionally 
be found. It is not known to what extent this phenomenon is caused by grazing 
by aquatic herbivores. 
Food choice experiments were conducted in order to estimate the potential gra-
zing on the seedlings oí Nymphaea and Nuphar by the snail Lymnaea stagnalis 
(L.). 
In aquaria the snails were offered a choice between a) Nymphaea and Nuphar 
seedlings; b) each of these seedlings and one of three Potamogetón species {P. 
obtusifolius Mert. et Koch, P. coloratus Hörnern, or P. perfoliatus L.); and c) 
between Nymphaea and Nuphar seedlings and floating leaves. 
L. stagnalis preferred Nymphaea seedlings to Nuphar seedlings and to the sub-
merged leaves of the Potamogetón species. The Potamogetón species were prefer-
red in the following hierarchical order: P. obtusifolius < P. coloratus < P. perfoli-
atus. Of all plant species tested, L. stagnalis had the lowest food preference for 
Nuphar. L. stagnalis preferred the seedlings of Nymphaea and Nuphar to the 
floating leaves of both species. 
It is concluded that L. stagnalis, when present, may consume a large part of 
Nymphaea seedlings. The seedlings oí Nuphar are less frequently consumed by 
L. stagnalis, which means that herbivory by snails can not explain the rareness 
of Nuphar seedlings. 
It is suggested that the large seed production oí Nymphaea compared to Nuphar 
is necessary to compensate for the high mortality of Nymphaea seedlings due 
to herbivory by snails. 
INTRODUCTION 
The study by Sheldon (1987) of the effects of herbivorous snails on submerged 
macrophyte communities in Minnesota lakes should have demonstrated that her-
bivorous snails can greatly influence the distribution, abundance and diversity 
of freshwater macrophytes, and suggests that the role of herbivores in macrophytes 
communities may be similar to their role in terrestrial and marine communities. 
However, her work was criticized heavily by Brönmark (1990). Particularly 
the experimental setup of the field experiments by Sheldon (1987) was criticized, 
because the aim of these experiments was to determine the herbivorous activity 
of the snail Physa gyrina Say on the macrophyte Potamogetón amplifolius Tuck-
erm., but when they were conducted they did not exclude the grazing of her-
bivorous insects on this macrophyte. Brönmark (1990) further argues that there 
is no hard evidence that snails are macrophytivores. In his opinion they consume 
more decaying macrophytic material, epiphyton or detritus than live macrophytic 
tissue, making them negligible as macrophytivores, but important as epiphytivores. 
Brönmark (1990) based his comments on a large volume of recent literature on 
snails, but seemed to be unaware that his generalizations based on 'snails' are 
just as doubtful as the generalizations by Sheldon (1987). Brönmark (1990) does 
not seem to realize that the term "snails" include an ecologically diverse number 
of gastropod species. In her reply, Sheldon (1990) mentioned that Physa gyrina 
prefers epiphytes to vascular macrophyte tissue, but that this snail was also able 
to cause considerable macrophyte seedling mortality in laboratory experiments. 
In her opinion macrophytes may have a vulnerable stage as new shoots arise early 
in the season, when epiphyton growth is low, and at that point the impact of the 
snail Physa gyrina may be important. In our opinion, results on snail-macrophyte 
interactions are influenced by a number of circumstances: 
1. the snail species and their capability to deal with live macrophytic tissue; 
2. the preference of the snail species for various food items, when present in 
various combinations and abundances; 
3. the densities of the snails in relation to the macrophyte biomasses; 
4. the macrophyte species/organs and their capability for defense against her-
bivory; 
5. the developmental stages of macrophytes as well as snails. 
In our laboratory since 1974 research has been conducted on aquatic systems 
dominated by nymphaeid macrophytes like water lilies. In the temperate zones 
of Europe, the aquatic vegetation of standing or slowly flowing fresh waters is 
dominated by the white water lily (Nymphaea alba L.) and the yellow water lily 
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(Nuphar lutea (L.) Sm.). Both water lily species show a wide range of occurrence, 
but Nuphar occurs more frequently in alkaline waters, while Nymphaea is also 
frequently found in weakly buffered and acid pools (Van der Velde et al., 1986; 
see Fig. 1 ). In the alkaline waters along the rivers, Nuphar dominates over Nym-
phaea. In contrast to Nuphar, Nymphaea is easily damaged by currents and wave 
action and is therefore more frequently found on sheltered places than Nuphar 
(e.g. Kirchner et al., 1927; Heslop-Harrison, 1955a). Despite the production of 
a large numbers of seeds by both plant species, seedlings are not often found 
in water bodies where full-grown plants occur (Heslop-Harrison 1955 a,b; Brock, 
1985). Large numbers of seeds may disappear because the fruits and seeds are 
eaten and completely digested by waterfowl (Smits et al., 1989) but occasionally 
large one-year-old seedling crops can be found. Heslop-Harrison (1955a, b), Brock 
et al. (1987) and Roweck (1988) suggested that appropriate germination conditions 
in the field could explain the low numbers of seedlings of both Nymphaea and 
Nuphar. However, Smits et al. (1990) demonstrated that massive germination 
ofNymphaea and Nuphar seeds occurred in three different types of water bodies, 
including acid and alkaline waters. This implies that not a lack of favourable 
germination conditions, but a high mortality rate of the seedlings is the cause 
of the observed low densities of Nymphaea and Nuphar seedlings. This mortality 
may be caused by various factors, including herbivores. 
In alkaline waters the great pond snail (Lymnaea stagnalis (L.)) was suspected 
to be a cause of seedling mortality, because it can reach relatively high densities 
in waters with Nymphaea and Nuphar stands (Fig. 1) and is known to feed on 
a large number of aquatic vascular plants species, including Nymphaea alba 
(leaves) and Nuphar lutea (stems) (Gaevskaya, 1969). 
L. stagnalis is a large snail with a maximum shell length of 64 mm and a 
maximum shell width of 29 mm. The snail occurs mainly in stagnant water bodies 
with a rich vegetation and within a pH range of 5.4 - 9.5 (more frequent at a 
pH > 7.4) (Heitkamp, 1982; 0kland, 1990). The diet of this snail species can 
be diverse: it consumes living aquatic macrophytes and helophytes, algae, bacteria, 
moulds, small living and dead animals (Fromming, 1956). On the basis of a 
detailed study of the gastrointestinal system, Carriker (1946) concluded that this 
snail is basically adapted to aquatic macrophyte feeding. According to Gaevskaya 
(1969), Tsikhon-Lukanina (1958) dissected 200 specimens of L. stagnalis and 
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Fig. 1. Relative occurrence of Nuphar lutea and Nymphaea alba in waters with different 
pH values in the Netherlands. 
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of aquatic vascular plants; only small quantities of algae were detected. L. stag-
nalis was able to a daily consumption of certain macrophyte species up to 20 
% of its body weight. The high cellulase activity of the alimentary fluid provides 
additional evidence that the menu oïL. stagnalis consists largely of vascular plant 
material (Calow, 1975). L. stagnalis is able to consume a wide range of 
macrophytes; Gaevskaya ( 1969) gives a list of 40 food plant species. The growth 
of the snails was optimal when the snails were fed with a diet consisting of 
several aquatic and helophyte plant species; this diet proved superior to one con-
sisting of animal food or only one macrophyte species Frömming (1956). Further-
more, these snails can easily be cultivated on lettuce (Van der Steen et al., 1969). 
Gaevskaya (1969) concluded that L. stagnalis must have a very marked effect 
on the food plants, since, being a large animal, it ingests a considerable amount 
of food; further it occurs often in large numbers. The consumption rate of these 
snails is impressive. Five eight-weeks-old individuals managed to consume several 
25 cm long Sagittaria sagittifolia L. plants within two days. Within a similar 
period, 30 cm long plants oí Potamogetón crispus L. and Potamogetón perfoliatus 
L. were consumed (Frömming, 1956). L. stagnalis is therefore known as a pest 
in many garden ponds. 
In order to estimate the relative palatability of Nymphaea and Nuphar for L. 
stagnalis as an indication for potential herbivory, food choice experiments were 
conducted. The food preference of Lymnaea with regard to these plants and three 
Potamogetón species, P. obtusifolius Mert. et Koch, P. coloratus Hörnern, and 
P. perfoliatus was investigated. The palatability of floating and underwater leaves 
of Nymphaea and Nuphar was determined separately. 
METHODS 
Aquatic macrophytes 
The seedlings of Nymphaea alba and Nuphar lutea were cultivated from seeds. 
The seedlings were grown in plastic pots (diameter 3 cm; height 6 cm) filled with 
a sand-clay mixture. These seedlings produced only underwater leaves. Floating 
leaves of Nymphaea and Nuphar were obtained from plants cultivated in a pond 
located in the botanical gardens of the university and in concrete containers. The 
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pondweed species Potamogetón obtusifolius and P. perfoliatus were collected 
from several water bodies along the rivers Waal and Meuse in the Netherlands. 
These pondweed species frequently co-occur in the same water bodies as the water 
lilies, but unlike to these water lilies are absent from acid water bodies. P. color-
atus was obtained from a soft water body in Oostvoorne, The Netherlands. 
Snails 
The Greater Pond Snail (Lymnaea stagnalis) was obtained from a cultivation 
stock at the Zoological Department, Free University, Amsterdam, The Nether-
lands. The snails varied in length and weight between 3 and 4 cm and 3-3 .5 
g, respectively. Prior to and during the experiments the snails were kept in glass 
containers (100 χ 60 cm) which were continuously refreshed with tap water and 
aerated with filtered air in order to prevent chloride intoxication (Alexander et 
al., 1985). Each experiment was preceded by an acclimatization period of 7 days. 
During the acclimatization period the snails were fed on lettuce. 
Macrophyte choice experiments 
The method designed by Ivlev was used to determine the grazing preference 
of Lymnaea for the leaves of the various plant species (Klekowski and Duncan, 
1975). This method requires known amounts of foliage of two different species 
to be offered to a grazer. 
By comparing the quantities of plant material per species consumed by the snails 
after a certain period the food preference can be calculated from the equation: 
/ = ГЦ 
r+p 
where: 
I = Ivlev's index 
ρ = fraction of the plant species in the total amount of food offered (%). 
r = fraction of the plant species consumed (%). 
Equivalent amounts of two plant species were offered to the snails, resulting 
in a maximum index value of 0.33 and a minimum value of-1, representing a 
high and low food preference respectively. The freshly collected plant material 
was carefully dabbed with filter paper and weighed. Quantities of approximately 
0.5 g fresh weight per plant species were simultaneously offered to 20 snails 
which were kept in the 101 glass aquaria. Three series of food choice experiments 
were conducted, using: a) Nymphaea and Nuphar seedlings; b) Nymphaea or 
Nuphar seedlings in combination with each of the three pondweed species P. 
obtusifolius, P. coloratus or P. perfoliatus; and c) seedlings and floating leaves 
of Nymphaea and Nuphar. 
The aquaria were positioned in a temperature controlled water bath at a tempera-
ture of 20 °C (for a detailed description of the experimental design see Roelofs, 
Schuurkes and Smits ( 1984)). Light was provided by metal halide lamps at a light 
intensity of 200 ^Einstein m"2 s"1, with a daily period of 18 hours. 
The snails were allowed to graze on the plant material for a period of 6 hours. 
After this period the remaining plant material was collected, dabbed with filter 
paper and weighed. 
Statistical methods. 
Differences between Ivlev coefficients within an experiment were tested with 
the two-sided paired t-test, assuming normally distributed values. This was done 
using the UNIVARIATE procedure from the SAS-package (SAS, 1986). The 
level of significance used was 5%. 
RESULTS 
The preference of L. stagnalis for each combination of macrophyte species 
offered is shown in Fig. 2. Average Ivlev's coefficients per plant species were 
compared for each food choice experiment. In all experiments the compared 
coefficients were significantly different except for the combination of floating 
leaves and seedlings of Nuphar (p = 0.07). The snails preferred the seedlings 
of Nymphaea to the seedlings of Nuphar. The low preference for Nuphar seed-
lings also becomes evident when Nuphar is offered together with P. obtusifolius, 
P. coloratus and P. perfoliatus. In contrast to Nuphar, the consumption of the 
Nymphaea seedlings when offered simultaneously with the pondweed species 
was high. Nearly all Nymphaea seedlings offered in each food combination were 
completely consumed within two days. The preference of L. stagnalis for the 
pondweed species varied. Those food choice experiments which included Nym-
phaea and Nuphar revealed a similar hierarchical order of preference for the 
pondweed species: P. perfoliatus > P. coloratus > P. obtusifolius. 
L. stagnalis preferred the seedlings of Nymphaea to the floating leaves of this 
species. If the food combination offered consisted exclusively of seedlings and 
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Fig. 2. Results of the food choice experiments with Lymnaea stagnalis L. In each experi­
ment the snails were allowed to consume the laminae of two macrophyte species. If the 
value ofthelvlev's index approaches 1/3, this indicates a high food preference, while 
an index value of-1 represents a low food preference. Food choices: A = Nymphaea 
and Nuphar seedlings. В = Nuphar seedlings and the pondweed species Potamogetón 
obtusifolius, P. coloratus and P. perfoliatus, respectively. С = Nymphaea seedlings and 
the pondweed species Potamogetón obtusifolius, P. coloratus and P. perfoliatus, respecti-




Despite the extensive compilation of the literature on herbivory on macrophytes 
by Gaevskaya (1969) there has been a persistent misunderstanding that submersed 
water plants are little affected by aquatic herbivores (cf. Shelford, 1918; Hutchin-
son, 1975; Wetzel, 1983). An recurring argument to explain this apparently 
negligible role as a food source was that the aquatic macrophytes represented 
a low quality food to herbivores (Hutchinson, 1975; McMahon et al., 1974; 
Gregory, 1983; Lamberti and Moore, 1984). However, in his review, Lodge 
( 1991 ) showed that macrophytes have an important function in aquatic food webs 
and that any lack of grazing on macrophytes can not be ascribed to a low nutrient 
content. 
The leaves of submerged aquatic plants generally show little lignification. They 
have thin cuticles to facilitate exchange processes in the water, and most of them 
do not have structural defences such as spines and leaf pubescence (cf. Sculthorpe, 
1967; Hutchinson, 1975). Therefore, if a lack of herbivory is observed, this must 
be due to the presence of some chemical compound(s) in the plant preventing 
it. 
One of the most striking results of the present study was the low palatability 
of'Nuphar seedlings. Both Nymphaea and Nuphar have thin underwater laminae 
and are highly susceptible to mechanical disruption. It is therefore suggested that 
the low grazing of L. stagnalis on Nuphar seedlings is not due to a morphological 
factor but to a chemical factor, e.g. toxic compounds. A widely distributed class 
of toxic compunds in water plants is that of the alkaloids (Ostrofsky and Zettler, 
1986). Nymphaea alba and Nuphar lutea have different alkaloids. Nymphaea 
contains nympheine while Nupharbas various alkaloids, including nupharidine, 
desoxynupharidine and nupharamine (Hutchinson, 1975). The laminae of the 
pondweed species used in this study, like the laminae of Nymphaea and Nuphar 
seedlings, are fragile and easily disrupted, and therefore it is more likely that the 
differential grazing activity of L. stagnalis on the pondweed species is due to 
chemical factors rather than to mechanical factors. 
Ostrofsky and Zettler (1986) examined the alkaloids of nine pondweed species 
and some other macrophytes, and concluded that the observed concentrations 
of alkaloids in the plant tissue are rather low 'but certainly within the range that 
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can be pharmacologically active, and consistent with a potential role as herbivore 
deterrents'. Unfortunately, none of the pondweed species used in our study were 
included in his investigation. Jeffries (1990) obtained evidence that P. coloratus 
was capable of induced chemical defence against the caddis larva Triaenodes 
bicolor (Curtis) following plant damage. In our study, the palatability of P. colo-
ratus for L. stagnalis was intermediate between those of P. obtusifolius and P. 
perfoliatus. 
An absence of alkaloids does not imply that a particular plant species is unable 
to resist herbivory. There are a large number of other chemical compounds that 
can reduce palatability and therefore the impact of grazing. For example, the 
cyanogenic compound in Myriophyllum aquaticum (Vellozo) Verdcourt may 
prevent intensive grazing (Gibbs, 1974). Another important group of secondary 
products of macrophytes is the phenolics. Lodge ( 1991 ) conducted a correlational 
analysis of published grazer preferences and plant tissue phenolic and alkaloid 
concentrations. Based on the results he suggested that phenolic content, and not 
the alkaloid content is consistently negatively related to grazing preference. Floa-
ting leaves of Nymphaea and Nuphar are known to contain high concentrations 
of phenolics (Kok, 1993). 
In contrast to the observed food preference of Lymnaea for the submerged leaves 
of the various plant species, the low preference for the floating leaves of Nymp-
haea and Nuphar compared to that for the seedling leaves may be based on struc-
tural differences. The floating leaves are more difficult to consume than the under-
water leaves. This is probably due to the different anatomy of the floating leaves 
and underwater leaves. Firstly, the epidermis cells of the floating leaves have 
a strong cuticle, provided with a wax layer, whereas the underwater leaves have 
a very thin cuticle. Secondly, the thickness of the underwater leaves is approxima-
tely 1/2 - 1/3 of the thickness of the floating leaves. Further, underwater leaves 
have few trichoblasts compared to floating leaves. And finally, floating leaves 
have a thick layer of palissade parenchyma, in contrast to underwater leaves 
(Kirchner et al., 1927). The snail damage patterns on floating leaves indicate that 
damage is mainly caused by consumption on the young folded floating leaves 
under water. These leaves are softer than unfolded floating leaves at the water 
surface (e.g. Van der Velde and Van der Heijden, 1985). Furthermore, glandular 
trichomes are present on both sides of the underwater leaves and on the lower 
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surface of the floating leaves of Nymphaea and Nuphar. It has been suggested 
that the mucilage produced by these trichomes reduces grazing by herbivores 
(Kirchner et al., 1927). 
It is important to realize consumption is not the only possible cause of seedling 
mortality: a stand of seedlings may also be disturbed by, for example, fish or 
crayfish searching for food. In addition presence and density of herbivores in 
the various water types determine the potential impact of grazing and survival 
of seedlings. Both Nymphaea and Nuphar occur in acid water bodies, but because 
of the high water acidity, snails are absent in these waters (0kland, 1990). Ad-
ditionally, the interactions among grazers and predators are also important for 
the impact of grazing on macrophyte development. Lodge and Lorman (1987) 
showed that the omnivorous crayfish Orconectes rusticus (Girard) may reduce 
the abundance of grazing snails, leading to a lower consumption of macrophyte 
foliage. Furthermore, Chambers et al. (1990) described that the crayfish Orconec-
tes virilis (Hagen) had a negative impact on a mixed stand of several macrophyte 
species, including Nuphar variegatum Engelmann, by clipping the petioles, thus 
leaving the leaves floating on the water surface. Orconectes limosus (Raf.), a 
crayfish introduced in Europe, may play a similar role in the macrophyte stands. 
It can be concluded that the impact of grazing by L. stagnalis on Nymphaea 
seedlings may be substantial and may eliminate a large number of seedlings. The 
seedlings of Nuphar, however, were less preferred by this snail species, which 
means that herbivory by snails can not explain the rareness of Nuphar seedlings. 
The seedlings of Nymphaea were also preferred by L. stagnalis as a food source 
above three pondweed species. Within this context, the difference in seed produc-
tion between Nymphaea and Nuphar becomes interesting. Both nymphaeids share 
the same habitat, physiology, seed dispersal characteristics, seedbank type and 
germination requirements (Smits et al., 1990). In an alkaline oxbow lake it was 
found that the average number of flowers developed per m2 of the stand to be 
twice as high in Nymphaea as in Nuphar, while the average number of seeds per 
fruit was four times as high in Nymphaea as in Nuphar (Van der Velde et al., 
1978). This would mean that an established Nymphaea stand produces about 
18,000 seeds m"2, while a Nuphar stand produces only about 1,600 seeds m"2. 
It may be suggested that the large seed production of Nymphaea compared to 
Nuphar is necessary to compensate for the high mortality of Nymphaea seedlings 
due to herbivory by snails in alkaline waters. Results of preliminary experiments 
indicate that the palatability of seedlings of another common nymphaeid water 
plant in The Netherlands, Nymphoidespettata (Gmel.) O. Kuntze for L. stagnalis 
is approximately identical with that of Nymphaea alba seedlings (unpublished 
results). The results presented here form a part of a more comprehensive study 
in progress which investigates the role of herbivory on the colonization and es­
tablishment of aquatic macrophytes in nymphaeid-dominated systems. 
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CHAPTER 6 
ROOT AERENCHYMA, OXYGEN LEAKAGE PATTERNS AND 
ALCOHOLIC FERMENTATION ABILITY OF THE ROOTS OF 
SOME ΝΥΜΡΗΑΕΠ) AND ISOETDD MACROPHYTES IN 
RELATION TO THE SEDIMENT TYPE OF ТНЕШ HABITAT 
A.J.M. Smits, P. Laan, R.H. Thier and G. van der Velde 
Aquatic Botany, (1990) 38: 3-17. 
ABSTRACT 
Morphological and metabolical characteristics of the roots of two groups of a-
quatic macrophytes are compared. The first group consists of species frequently 
occurring on organic sediments with a distinct negative redox potential, such as 
the nymphaeid macrophytes Nymphaeaalba L., Nupharlutea (L.) Sm. and Nym-
phoidespeltata (Gmel.) O. Kuntze. The second group contains species generally 
rooting in a mineral sediment with an oxidative character, such as the isoetids 
Littorella uniflora (L.) Ascherson and Isoetes lacustris L., and Luronium natans 
(L.) Rafinesque. 
As a measure for the amount of root aerenchyma, root porosity of these macrop­
hytes was determined. The nymphaeids which were grown in the same type of 
sediment as the isoetids developed a larger amount of root aerenchyma. 
Moreover, the roots of the nymphaeids differed from the roots of the isoetids, 
by a reduced oxygen permeability of the root wall and a higher ethanol fermen­
tation rate during anoxic conditions. The root porosity, oxygen leakage patterns 
and ethanol fermentation ability of the roots of these two groups of plants are 
discussed with respect to the sediment type of their habitat. 
INTRODUCTION 
Apart from other numerous environmental factors affecting the growth of the 
aquatic plants (Spence, 1967; Wetzel, 1975), the organic matter content of the 
sediment greatly influences the distribution of aquatic macrophytes (Sand-Jensen 
and Sondergaard, 1979; Barko and Smart, 1986). 
For example, it is well known that nymphaeid macrophytes occur especially 
in water bodies with highly organic sediments (Sculthorpe, 1967; Hutchinson, 
1975; Sand-Jensen and Sondergaard, 1979), whereas isoetids dominate the aquatic 
vegetation in the littoral zone of soft water bodies with nutrient poor and sandy 
sediments (Iversen, 1929; Spence, 1964; Seddon, 1979). 
Generally, rooting submersed macrophytes appear to be replaced by floating-
leaved and emergent water plants as sediment organic matter increases (Walker, 
1970; Wetzel, 1979; Carpenter, 1981, 1983), but the processes underlying this 
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succession are not clearly understood. Differences in sensitivity of the root system 
towards Phytotoxins which accumulate in an anoxic organic soil might present 
possible explanations (Armstrong, 1975; Yoshida, 1975; Drew and Linch, 1980). 
Alternatively, morphological and/or metabolical characteristics of plants rather 
than chemical compounds of the sediment, may determine the composition of 
the aquatic vegetation (Sculthorpe, 1967; Haslam, 1978; Denny, 1980). In a 
sediment with a low redox potential, root vitality may be affected by inadequate 
oxygen supply to the root apex or the inability to use appropriate metabolic path­
ways under anaerobic conditions (Armstrong, 1978; Crawford, 1982). 
The efficiency with which the root apex is provided with oxygen is dependent 
on the internal porosity of the root and the gas exchange characteristics between 
the root and the sediment (Armstrong, 1979; Laan et al., 1989 a,b). 
The metabolism of roots of wetland and terrestrial plants which endure root 
anaerobiosis depends mainly on alcoholic fermentation (cf. Smith and ap Rees, 
1979; Davies, 1980; Roberts et al., 1984). Thus, apart from an efficient oxygen 
supply to the root apex, alcoholic fermentation of the roots can be considered 
as an adaptation to a rhizosphere with a high oxygen demand. 
In this paper, some aspects of root aeration and alcoholic fermentation of the 
roots of two groups of aquatic macrophytes were studied and compared, viz. 
plants which root mainly in organic bottoms and plants which root mainly in 
mineral sediments. Macrophytes selected for this study which root mainly in 
organic anoxic sediments are the nymphaeid species Nymphaea alba L., Nuphar 
lutea (L.) Sm. and Nymphoides peltata (Gmel.) O. Kuntze (Van der Velde et 
al., 1986). Littorella uniflora (L.) Ascherson, Isoetes lacustris L., and Luronium 
natans (L.) Rafinesque represent macrophytes which occur mainly on mineral 
and oxidative sediments (De Lyon and Roelofs, 1986). 
MATERIALS AND METHODS 
Plant material 
Young and mature plants of Littorella uniflora, Luronium natans and Isoetes 
lacustris /ете collected from Staalberg's ven near Oisterwijk, The Netherlands 
(N 51° 34'28"; E 5°13'21"). Seedlings and 1 -year- old plants of Nymphaea 
alba, Nuphar lutea and Nymphoidespeltata were cultivated from seeds collected 
in two localities both in the surroundings of Nijmegen, the Netherlands (Oude 
WaalN 51°51'14"; E 5°53'41"; Millingerwaard, N 51°51*53"; E 5°59'57"). 
The macrophytes were grown in polyethylene ponds located in a greenhouse in 
which the temperature was maintained above 10 °C. All plants were grown on 
a mineral sediment (loss on ignition was ~ 2 %) dredged from Staalberg's ven. 
Root porosity 
Root porosity of the various plant species was determined by measurement of 
the lacunal cross-sectional area as proportion of total cortical root cross-sectional 
area (Konings and Verschuren, 1980) and by pycnometry (Jensen et al., 1969). 
Both methods are subsequently referred to as cross-sectional area measurement 
and pycnometric measurement. Roots of cultivated macrophytes, were carefully 
washed with tap water to remove adhering soil particles. Only apical segments 
of 2 - 4 cm length were used for both root porosity determinations. 
Oxygen leakage of roots 
A slightly modified method of Leyton and Rousseau (1958) was used to examine 
the oxygen leakage patterns of the roots. Instead of indigo-carmine, leuco-methy-
lene blue was used to detect the presence of oxygen. Oxygen leakage of the roots 
was examined in a solidified agar solution (1% w/v) to which methylene blue 
solution (1%) was added (0.5 - 1.0 ml Γ1). Methylene blue is colourless when 
reduced, but becomes blue by oxidation. Thus, if a root is submerged in the dye 
a blue oxidation halo indicates where internally transported oxygen has diffused 
into the medium. 
After immersion of the entire root system in the dye-agar mixture, the glass tanks 
or test-tubes were carefully filled with tap water. The shoots of the macrophytes 
were illuminated by halogen light bulbs (light intensity - 150 μΕπκίβίη m"2 s"1 
near the leaves). In each treatment, the development of oxidation patterns around 
the roots during 1.5 h at room temperature (~ 20 °C) was observed. In a second 
treatment series, the roots were cooled to 0 °C to reduce the effect of respiratory 
processes on oxygen leakage patterns. Therefore, the basal ends of the glass tanks 
or test-tubes were partially immersed in melting ice to within 1 cm of the root 
base of the plant suspended in the dye-agar mixture. Oxygen leakage patterns 
were determined in at least four plants of each species. 
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Aerobic root respiration 
Whole plants were collected and the roots were washed with tap water. Subse­
quently, the roots were cut from the shoots and the apical 2 - 10 cm of healthy 
growing roots were put in a 35-ml serum bottle containing an incubation medium 
consisting of a 0.05 mM citrate - 0.1 mM phosphate buffer (pH 5.4) containing 
2.5 % (w/v) glucose. Per serum bottle, 1 - 1.5 g fresh weight of root material 
was used. The bottles were closed airtight with a screw cap and placed in a water-
bath at 20 °C. Chloramphenicol 0.04 % (w/v) was added to reduce the influence 
of microorganisms on the measurements of metabolic processes. 
Root respiration was measured as oxygen uptake by the dissected roots from an 
aerated incubation medium as described previously. The oxygen content of the 
samples was determined according to Drew and Robertson (1974). The measure­
ment ended when ~ 5 % of the initial oxygen content of the medium was consu­
med. In this way, the existence of hypoxic conditions around the roots was pre­
vented. Five to six replicates per macrophyte species were used. After the experi­
ment, the roots were dried at 105 °C for 24 h to constant weight. 
Ethanol and C0 2 production during root anaerobiosis 
Root segments were collected and incubated in a similar way as described for 
the root respiration determination. However, the incubation buffer for this 
experiment had been pre-saturated with nitrogen gas for 12 h to remove dissolved 
oxygen. A rubber sealing pad in the screwcap allowed sampling with hypodermic 
syringes. Samples were taken for ethanol and C0 2 determinations at regular inter­
vals during the incubation. 
Sampling of the incubation medium was carried out by injecting 0.5 ml of anoxic 
buffer from a disposable syringe with a hypodermic needle in the serum bottle. 
A second syringe was used to accept the displaced solution. Subsequently, both 
syringes were alternately emptied in the serum bottle to obtain a homogeneous 
mixture. This was repeated four times before a sample of 0.5 ml was withdrawn 
from the solution. Aliquots of 100 μΐ and 0.3 ml of the sample were used for 
the dissolved C0 2 and ethanol determination, respectively. For each macrophyte 
species, C02and ethanol measurements were carried out per 30 min and per 2 
h, respectively. The experiment lasted 49 h and was conducted in duplicate. C0 2 
measurements were carried out using an Oceanography International Model 0525 
HR Infrared Carbon Analyzer; the C0 2 was stripped from the acid media using 
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N2 gas. Ethanol was assayed enzymatically by the method of Bernt and Gutmann 
( 1974). After the experiment, the vitality of the roots was estimated as the capaci­
ty to be stained with a tetrazolium solution (Bertani et al., 1981). 
RESULTS 
Root porosity 
The roots of all investigated species are characterized by a well developed aeren-
chyma (Fig. 1). Typical lysigenous aerenchyma was found in the roots of Nym-
phoides peltata, Luronium natans and Littorella uniflora. The roots of Isoetes 
lacustris were characterized by a large cortical cavity. The root porosity of all 
species was high and varied between 30 and 60 % (Fig. 2). The porosity values 
of the roots of Luronium natans and Isoetes lacustris obtained with the cross-
sectional area measurement were higher than those obtained with the pycnometer 
measurement. It has to be noted that the aerenchyma of the roots of Luronium 
natans was interrupted at regular intervals by tube-like structures which connected 
the stele with the cortex. Further, some parts of the roots ofIsoetes lacustris with 
a vital appearance were filled with water. 
The nymphaeid macrophytes developed more root aerenchyma than the other 
three macrophytes (Kruskal-Wallis test; Ρ < 0.05; arcsin transformation of the 
porosity values prior to statistical analyses was not necessary because all data 
were within the 30-70% range; see Sokal and Rohlf, 1981). Both methods for 
root porosity measurement gave similar results (Kruskal-Wallis test; Ρ < 0.001 ). 
Oxygen leakage of roots 
There was a conspicuous difference between the species with respect to the 
pattern of oxidated methylene blue around the roots (Fig. 3). Oxygen diffused 
into the medium along the whole root of Littorella uniflora, Luronium natans 
and Isoetes lacustris, whereas oxidation around the roots of Nymphaea alba, 
Nuphar lutea and Nymphoides peltata plants was restricted to the root apex. 
Within the same species, no difference was found between halo development of 
young and mature plants. Although the rate of halo development proceeded faster 
at 0 °C than at room temperature (~ 20 °C), the oxidation pattern of the roots 
characteristic to each species remained stable. 
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Fig. 1. Cross-sectional electron scanning micrographs of the roots of six aquatic macrop-
hytes (A) Isoetes lacustris. (B) Littorella uniflora. (С) Luronium natans. (D) Nymphoides 
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Pycnometer measurement (N=5) 
'
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1.1. L.u. Ln. N.p. N.a. N.l. 
Fig. 2. Root porosity of the macrophytes used in this study. Porosity is defined as 
(Va/Vtot) 100, where Va is the root air volume and Vtot is the total root volume. Bars 
represent the mean root porosity values determined according to the cross-sectional area 
measurement or are based on the pycnometric measurement (vertical lines indicate ± 
/ SE), l.l. = Isoetes lacustris; L.u. = Littorella uniflora; L.n. = Luronium natans; N.p. 
= Nymphoides peltata; N. a. = Nymphaea alba; N. I. = Nuphar lutea. 
Fig. 3. Examples of oxygen 
leakage patterns visible by the 
oxidation of methylene blue. 
(A) Halo formation along the 
whole root of an Isoetes lacus-
tris plant and (B) confined to 
~ I cm of the root apex of a 
Nuphar lutea seedling. The 
arrows indicate limited halo 
formation. 1 = Root base 
(corm) of Isoetes lacustris; 2 = 
seed of Nuphar lutea; 3 = 
oxidation of methylene blue on 




Respiration and ethanol fermentation 
Aerobic respiration (02-consumption) and anoxic C0 2 + ethanol production data 
of the roots are presented in Table 1. Because of the great similarity of the ethanol 
and C0 2 production among the replicates, the collected data per species were 
pooled. Hence, the C0 2 and ethanol production rates per species were based on 
198 and 100 measurements, respectively, and calculated by linear regression (REG 
procedure, Statistical Analysis Systems (S.A.S.), 1982). 
It is remarkable that when the aerobic respiration rates of the nymphaeid macrop-
hytes were compared with the remaining macrophytes, no significant difference 
could be observed (Kruskal-Wallis test; Ρ = 0.43). In contrast, C0 2 production 
rates of the roots of the nymphaeid macrophytes during anaerobiosis were signifi­
cantly higher than those of Littorella uniflora, Luronium natcms and Isoetes 
lacustris (Table 2). With the exception of Nymphoides peltata, the ethanol produc­
tion of the roots of Nymphaea alba and Nuphar lutea under anoxic conditions 
was also significantly higher than that of the roots of the other macrophytes. 
Judging from the tetrazolium staining, the roots of the macrophytes which produ­
ced little or no ethanol during anaerobiosis were less viable than the roots with 
a high ethanol production rate (see Table 1). 
The maximum ethanol and C0 2 concentrations of the incubation media to which 
the roots of Littorella uniflora, Isoetes lacustris and Luronium natans were ex­
posed did not exceed 0.3 mM and 1 mM, respectively (see Table 1). 
Table 1. Oxygen consumption, and ethanol and carbon dioxide production of excised 
roots. The mean rate of oxygen consumption of excised roots (x ± SE) was measured under 
aerobic conditions. The C02 and ethanol production during anaerobiosis was based upon 
198 C02 measurements and ¡00 ethanol measurements. "Maximum C02"and "Maximum 
ethanol" represent the maximum accumulated CO2 and ethanol concentration in the incu-
bation medium to which the roots were subjected during the course of the experiments. 
+ +, +- and— represent decreasing ability to react with tetrazolium compared with roots 
which have not been subjected to an anaerobic incubation; — = no staining; +- = partly 
stained; ++ = good staining. Statistical analyses were carried out using the REG and 
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Table 2. Statistical analyses of the C02 and ethanol production rates. The Gausian Logis­
tic Regression method (GLR) procedure (S.A.S., 1986) was used. ** = significant at the 
Ρ < 0.05 level; * = significant at the Ρ < 0.1 level; n.s.= not significant. 1.1. = Isoetes 
lacustris; L.u. = Littorella uniflora; L.n. = Luronium natans; N.a. = Nymphaea alba; 
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DISCUSSION 
The presence of aerenchyma in roots of wetland and aquatic plants has been 
well documented by a number of authors (Arber, 1920;Sifton, 1945,1957; Scul-
thorpe, 1967; Justin and Armstrong, 1987; Laan et al., 1989 a,b). It has been 
demonstrated that aerenchyma enables aerobic respiration of the root system in 
a hypoxic or anoxic rhizosphere (cf. Armstrong, 1979; Laan et al., 1989 a,b). 
The cross-sectional area measurement provides a better estimate of the lacunae 
in the root cortex than the pycnometer measurement because the relative diameter 
of the stele may vary between species. However, the tube-like structures in the 
roots of Luronium natans and the water-filled parts of the roots of Isoetes lacustris 
can barely be detected with the cross-sectional area measurement and can result 
in an overestimation of the amount of root aerenchyma. 
Although all plant species were grown on an identical sediment, measurement 
of the root porosity by both methods revealed that the roots of nymphaeid 
macrophytes were able to develop more root aerenchyma than the other three 
studied species. 
Apart from the lacunal system, the root wall permeability is also of considerable 
importance for the oxygen supply of the root apex. If the gas permeability of 
the root wall is high, a large part of the oxygen present in the root will diffuse 
into the sediment and will subsequently be reduced. The oxidation reaction of 
methylene blue provides only qualitative data about the oxygen leakage from 
the root, but shows the loci of diffusion quite well. 
In contrast to Littorella uniflora, Luronium natans and Isoetes lacustris, the 
oxygen leakage of the nymphaeids is limited to the root apex. This indicates that 
the loss of oxygen from the roots of Nymphaea alba, Nuphar lutea and Nymphoi-
des pettata is limited, and consequently the oxygen supply of the root apex is 
more efficient. In all, the well-developed root aerenchyma and the reduced gas 
permeability of the root wall of these nymphaeid water plants, in combination 
with the internal thermo-osmotic-driven gas transport (Dacey, 1980,1981 ; Dacey 
and Klug, 1982; Schröder et al., 1986; Grosse and Mevi-Schütz, 1987), constitute 
a gas conduction pathway which optimizes the oxygen supply of the apical meri-
stem. 
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Which function can be assigned to the aerenchyma of the roots of the aquatic 
macrophytes which lack a gas-tight root wall? Littorellauniflora, Isoetes lacustris 
and Luronium natans occur mainly in poorly buffered waters with a low inorganic 
carbon content. It is known that the inorganic carbon supply for photosynthesis 
of the isoetid macrophytes which occur in these waters depends on the C0 2 produ­
ced by decomposition processes in the sediment (Wium-Andersen, 1971 ; Sonder-
gaard and Sand-Jensen, 1979; Sand-Jensen et al., 1982; Richardson et al., 1984). 
Considerable assimilation of C0 2 originating from the rhizosphere by the shoots 
is only feasible when gas permeability of the whole root system is high and suffi­
cient aerenchyma is present in the roots and shoots. The high gas permeability 
of the roots also implies that apart from C0 2 influx, photosynthetic oxygen can 
diffuse along the whole root to the sediment. This is confirmed by our observati­
ons. The oxidizing effect of the isoetid vegetation on the rhizosphere is a well 
known and consistent feature, and stimulates the C0 2- generating decomposition 
processes in the sediment (cf. Wium-Andersen and Andersen, 1972). 
The gas exchange characteristics of the roots of isoetids partly explain the suc­
cess of these species in waters with a low inorganic carbon content, but imply 
concurrently that this type of root is unsuitable for an environment with a strong 
reductive trait. A sediment with a large oxygen demand will probably withdraw 
the oxygen from roots with a high gas permeability before it can reach the root 
apex. There is evidence that despite the presence of a well-developed root 
aerenchyma, the transport rate of oxygen may not be sufficient to sustain aerobic 
metabolism in an anoxic rhizosphere (John et al., 1974; Mendelssohn et al., 1981). 
Therefore, viability of the roots is also dependent on metabolic reactions which 
proceed under anaerobiosis, and if fermentation is involved, also on the toxicity 
of the fermentation products. If the roots are able to continue the processes which 
are essential to maintain the cell integrity without the normal oxidative respiration, 
then they are metabolically adapted to a hypoxic or anoxic rhizosphere. 
It has long been known that the underground parts of a number of water plants 
produce ethanol during anaerobiosis. Laing (1940) demonstrated that apart from 
some helophytes, the rhizomes of Nuphar advena Ait. produced considerable 
quantities of ethanol. The roots of the six plant species studied here produce 
ethanol under hypoxic conditions. The ethanol fermentation capacity of the roots 
of the nymphaeid species was higher than those of the other species if we assume 
that (1) among the species glucose could be utilized equally by the roots and (2) 
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no great differences of ethanol efflux of the excised roots existed. Inspite of the 
toxic character of ethanol the roots which produced relatively large amounts of 
ethanol retained their viability during the anoxic incubation. Therefore, it is 
tempting to assume that a considerable ethanol production during root anaerobiosis 
is a typical feature of macrophytes which can penetrate an anaerobic sediment 
to considerable depths(viz. the nymphaeidmacrophytesA^mpAaeaa/ea.iVMpAar 
lutea and Nymphoides peltata). 
A number of authors are at issue about the toxicity of the end products offer-
mentation (for a list of authors see Raven, 1984), but there is no evidence that 
ethanol is more toxic than organic acids such as lactic and malic acid. Drew 
(1979) demonstrated that the concentrations of ethanol needed for the inhibition 
of root growth (30-170 mM) are rarely approached, even in long-term experiments 
or during natural hypoxic conditions. The range of the root ethanol concentrations 
in the incubation media of Isoetes lacustris, Littorella uniflora and Luronium 
natans was lower than that of the roots of the nymphaeid macrophytes, and did 
not exceed 0.3 mM (Table 1). Thus, it seems unlikely that the reduced viability 
of Isoetes lacustris, Littorella uniflora and Luronium natans roots was caused 
by ethanol toxicity. 
Although ethanol fermentation is thought to be the most important source of 
anaerobic energy supply in rhizomes (cf. Cossins, 1978; Braendle and Crawford, 
1987), other metabolical pathways that divert carbon away from ethanol have 
been proposed to contribute to anoxia tolerance of the roots of some plant species. 
The main alternatives are accumulation of shikimic acid (Iris pseudacorus L.; 
Tyler and Crawford, 1970) and amino acids (e.g. Zostera marina L., Pregnall 
et al., 1984; Hordeum vulgare L., Good and Crosby, 1989). 
The role of other metabolical pathways in the roots of the aquatic macrophytes 
under study needs to be investigated. However, considering the enhanced viability 
during anaerobiosis of roots with a high ethanol fermentation capability, it seems 
unlikely that these alternative pathways will overrule the importance of ethanol 
fermentation for anoxia tolerance of the roots in these species. 
The authors suggest that morphological characteristics (i.e. well-developed root 
aerenchyma and reduced oxygen permeability of the roots), as well as an exten-
sive alcoholic fermentation ability of the roots of Nymphaea alba and Nuphar 
lutea especially and to a lesser extent, Nymphoides peltata, can be considered 
essential adaptations to the strong reductive sediments of their habitats. In additi-
on, the lack of the above-mentioned features Littorella uniflora, Luronium natans 
and Isoetes lacustris roots can partly explain why the occurrence of these macrop-
hytes is confined to water bodies with a mineral sediment characterized by a small 
reductive capability. 
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CHAPTER 7 
ALCOHOL DEHYDROGENASE ISOZYMES IN THE ROOTS OF 
SOME ΝΥΜΡΗΑΕΠ) AND ISOETH) MACROPHYTES. 
ADAPTATIONS TO HYPOXIC SEDIMENT CONDITIONS ? 
A.J.M. Smits, R.M.J.C. Kleukers, C.J. Kok and G. van der Velde 
Aquatic Botany, (1990) 38: 19-27. 
ABSTRACT 
The number of alcohol-dehydrogenase (ADH) isozymes present in the roots 
of some aquatic macrophytes was determined. The roots of Nymphaea alba L. 
and Nuphar lutea (L.) Sm. possess seven and six ADH isozymes, respectively. 
Nymphoidespeltata (Gmel.) O. Kuntze, Littorella uniflora (L.) Aschers., Luroni-
um natans (L.) Rafinesque and Isoetes lacustris L. produce a lower number of 
ADH isozymes. With the exception of the roots oí Isoetes lacustris, no difference 
was found in the number of ADH isozymes after an aerobic or hypoxic incubation 
of the roots. 
The results were compared with ethanol production data of these roots obtained 
from a previous study. A positive correlation was found between the number of 
ADHs and the ethanol production. The possible relevance of ADH-polymorphism 
in the roots of the various species during root hypoxia is discussed. 
INTRODUCTION 
The aquatic environment is characterized by slow diffusion processes which 
impede the photosynthesis and respiration of aquatic macrophytes. Many aquatic 
macrophytes have developed morphological adaptations which enhance the inorga-
nic carbon uptake, such as thin underwater leaves or highly divided capillary 
leaves. A well developed lacunar system throughout the whole plant is an adapta-
tion to aerate the underground parts. In spite of these adaptations, hypoxic conditi-
ons within the root system of aquatic and wetland plants occur regularly (cf. 
Hutchinson, 1975; Mendelssohn and McKee, 1987). 
Apart from some other metabolic pathways which enable the roots to tolerate 
hypoxia (Tyler and Crawford, 1970; Pregnall et al., 1984; Good and Crosby, 
1989b), much attention has been given to ethanol fermentation (Wignarajah et 
al., 1976; Robertsetal., 1984a,b;apReesetal., 1987; Mendelssohn and McKee, 
1987; Good and Crosby, 1989a). However, it is not clear to what extent alcoholic 
fermentation contributes to the tolerance of the complete plant to root hypoxia 
(ap Rees et al., 1987; Roberts et al., 1989). 
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Torres and Diedenhofen (1979) demonstrated that alcohol dehydrogenase (ADH) 
polymorphism in sunflower {Helianthus annum L.) populations is regulated by 
wet or dry growth conditions. They demonstrated that oxygen availability in the 
rhizosphere selects sunflower specimens with a certain set of ADH isozymes. 
These results strongly indicate that ADH isozymes may have an adaptive function 
in case of reduced oxygen availability in the rhizosphere. 
In addition, other electrophoretic studies elucidated that in various organisms, 
isozyme polymorphism, including ADH which catalyses the reduction of acetalde-
hyde to ethanol, is related to environmental conditions (Johnson, 1971, 1974; 
Jones, 1972; Tomaszewski et al., 1973; Torres et al., 1977). In this paper, the 
occurrence of ADH isozymes in the roots of some nymphaeid and isoetid macrop-
hytes under aerobic and hypoxic conditions is described. The nymphaeids Nymp-
haea alba L. and Nuphar lutea (L.) Sm. generally root in a sediment with a high 
organic carbon content and a low redox potential (Van der Velde et al., 1986). 
The third nymphaeid species, Nymphoides peltata (Gmel.) O. Kuntze, is often 
found in the littoral zone of these habitats on sediments where the redox potential 
is less negative. The isoetid species Littorella uniflora (L.) Aschers., Luronium 
naians (L.) Raflnesque and Isoetes lacustris L. root in mineral sediments with 
a relatively high redox potential (cf. Spence, 1964; Seddon, 1972; Hutchinson, 
1975; Sondergaard and Sand-Jensen, 1979). The results are discussed in relation 
to the sediment type on which the macrophytes studied generally occur, and are 
related to the ethanol production data obtained from a previous study (Smits et 
al., 1990). 
MATERIALS AND METHODS 
Plant material 
Plants used for the experiment were collected from different sites. Littorella 
uniflora, Luronium natans ' and Isoetes lacustris, were collected from the Staal-
bergs Ven (latitude 51°34'N; longitude 5°13'E). The plants were grown in a 
greenhouse until use. Nymphoides peltata was collected from the Millingerwaard 
The collected and used specimens of Luronium natans had developed only 
underwater leaves. 
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(latitude 51 °53 'Ν; longitude 6° 1Έ). Nuphar lutea and Nymphaea alba were obtai­
ned from experimental ponds at the Faculty of Science, Nijmegen. 
Pre-treatment 
Whole plants of Littorella, Luronium, Isoetes and Nymphoides were kept in a 
container with tap water bubbled with air for at least 12 h to ensure complete 
aerobic respiration. Because of the large size of mature Nymphaea alba and Nup­
har lutea plants, only excised roots (~ 30 cm from the apex) of these species 
were used. 
Since these roots show a limited vitality, the pre-treatment period of the excised 
roots of Nymphaea alba and Nuphar lutea did not exceed 12 h. Previous experi­
ments conducted with roots of intact Nuphar lutea and with excised roots demon­
strated that the characteristic ADH pattern was stable within this period of time. 
Aerobic and hypoxic incubation 
After the aerobic pre-treatment, whole plants of Littorella, Luronium, Isoetes 
and Nymphoides were incubated in water bubbled with nitrogen for 6-12 h in 
the dark (hypoxic treatment). In order to maintain full vitality of the excised roots, 
the hypoxic treatment of Nymphaea alba and Nuphar lutea roots did not exceed 
6 h. Studies on alcohol production of these species (Smits et al., 1990) demonstra­
ted that the alcohol production rate is optimal during the length of time. The 
excised roots of all species studied can survive such a period of hypoxia. 
For each plant species, the ADH isozymes of the roots of specimens after an 
aerobic and hypoxic treatment were determined at least twice. 
ADH extraction 
ADH extraction was performed on root tips (~ 2-3 cm from the root tip) with 
a vital appearance. At least 0.20 g of fresh root tip tissue was frozen with liquid 
nitrogen in a mortar. Polyvinylpyrolidone (15 % w/w) and quartz sand were 
added. The root material was homogenized in 1 ml extraction buffer per g fresh 
weight, using a pestle. The extraction buffer consisted of 5 % (v/v) ß-mercaptoet-
hanol, 1 mMEDTAand lOmMTris/HCl, pH7.5.Thehomogenatewascentrifu-
ged (5000 r.p.m., 10 min) and the supernatant was kept on ice until electrophore-
sis, which was within 1 h after the extraction procedure. 
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Electrophoresis 
Native Polyacrylamide gel electrophoresis was performed on a Phastgel electrop-
horesis apparatus (Pharmacia-LKB) using 10-15 gradient gels (Pharmacia-LKB). 
The separation procedure was programmed and executed according to the sup-
plier's instructions. On each gel, a sample of yeast ADH (Sigma) was run as a 
standard. For reasons of comparison, aerobically and hypoxically incubated root 
samples prepared from the same species were run on the same gel. 
ADH staining 
Enzyme activity was visualized on the gel with a tetrazolium stain, according 
to Tanksley and Orton (1983). Staining was carried out in a Petri dish, at room 
temperature. Afterwards, the gels were fixed in 10 % acetic acid and 5 % glyce-
rol. Control staining was carried out without substrate (ethanol) to ensure that 
no other tetrazolium-oxidizing enzymes were involved in the staining reaction. 
The staining time varied from 15 min to 3 h, depending on the enzyme activity. 
Some gels were stained for 17 h to ensure that zones with very low activity would 
not escape detection. The localization of the activity zones on the gel was recor-
ded with an Ultroscan Laser Densitometer (Pharmacia-LKB). The localization 
of the activity zones (R,) was very consistent for all species (variation < 3 %). 
In the Results section, the mean Rf values are presented. 
RESULTS 
All species showed the presence of at least two different isozymes of ADH 
(Fig.l) which had higher Rf values than the isozymes of yeast. There was little 
similarity in the banding pattern of the isozymes between the species under inves-
tigation. 
All species except Isoetes lacustris showed no difference in the isoenzyme pattern 
under aerobic and hypoxic conditions. No enzyme activity could be established 
for Isoetes lacustris under aerobic conditions, not even after 17 h staining. The 
other species showed lighter ADH bands under aerobic conditions compared with 
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Fig. 1. Electrophoretic banding pattern ofADH isozymes extracted from hypoxically 
treated roots, l.l. = Isoetes lacustris; L.n. =Luronium natans; L.u. = Littorella uniflora; 
N.p. = Nymphoides pettata; N.l. = Nuphar lutea; N.a. = Nymphaea alba; Y = Yeast 
extract. 
In a previous study, the alcohol production rate of excised roots was measured 
in the same species from the same localities (Smits et al., 1990). The results of 
the former study are combined with the data obtained from electrophoresis. There 
is a positive correlation (Pearson correlation coefficient r = 0.94, Ρ < 0.01, η 
= 6) between the total number of isozymes after hypoxic incubation and the alco­
hol production capacity (Fig. 2). 
DISCUSSION 
Tolerance towards root hypoxia is determined by a number of morphological 
and metabolical adaptations (Braendle and Crawford, 1987; Crawford et al., 1989). 
It has been suggested that ethanol production, as a metabolical adaptation towards 
root hypoxia, postpones cell death during short periods of root hypoxia (Davies 
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et al., 1974; Roberts et al., 1984a,b; Smits et al., 1990; Voesenek et al., 1990). 
Oxygen supply to the root apex of aquatic plants may become temporarily limited 
during the night period when no photosynthetic oxygen is available, and at high 
temperature when the respiratory activity is high. For most plant species, the main 
source of energy under anoxia is ethanolic fermentation (Cossins, 1978; Braendle 
and Crawford, 1987). This fermentation pathway rapidly reduces the available 
carbohydrates. Moreover, accumulation of ethanol can be toxic to the plant tissues. 
Therefore, when ethanolic fermentation is frequently used to prevent cell death 
caused by hypoxia, sufficient carbohydrate reserves must be present in the plant 
and the ethanol produced must be efficiently removed from the plant (Crawford 
et al., 1987). 
number of Ш-isozymes 
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Fig. 2. Relationship between the maximal number ofADH isozymes and the ethanol pro­
duction of excised roots. 1 = Isoetes lacustris; 2 = Lwonium natans; 3 = Littorella uniflo­
ra; 4 = Nymphoides peltata; 5 = Nuphar lutea; 6 = Nymphaea alba. 
The nymphaeid plants studied here meet both requirements to optimize the ethan­
olic fermentation process. Large quantities of carbohydrate can be stored in the 
rhizomes oí Nymphaea alba, Nuphar lutea and, to a lesser extent, Nymphoides 
peltata. In addition, an efficient efflux of ethanol and respiratory C02 occurs by 
means of an internal thermo-osmotically driven ventilation (Hutchinson, 1975; 
Dacey, 1980, 1981; Dacey and Klug, 1982; Schröder et al., 1986; Grosse and 
Mevi-Schiitz, 1987). 
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The anatomy and morphology of the other three macrophytes differ greatly from 
those of the nymphaeid water plants. Rhizomes from which real location of carbo­
hydrates can occur are lacking, and the gas lacunae in the shoots and roots of 
these plants are primarily destined for the uptake of inorganic carbon from the 
sediment rather than the oxygen supply of the roots and the removal of respiratory 
C0 2 and ethanol (Sondergaard and Sand-Jensen, 1979). 
The tendency that root tips of plant species with a large number of ADH isozy­
mes are able to produce more ethanol under hypoxic conditions, suggests that 
a high degree of ADH polymorphism favours ethanol production. During anaero-
biosis, wetland and land plants generally induce new genes which specify for 
ADH (Sachs et al., 1980 Gerlach et al., 1982; Hanson et al., 1984). In this study, 
however, only the roots of Isoetes lacustris seemed to synthesize isozymes with 
ADH activity during root hypoxia. 
ADH in higher plants consists of a two-subunit or dimer molecule (Gotlieb, 
1981). These subunits are individually specified by alleles and the dimerization 
of two subunits produces one ADH enzyme. Therefore, the number of ADH 
isozymes increases rapidly with the number of nuclear genes which control ADH 
production. It is known that Nymphaea alba (Gupta, 1980) and Nuphar lutea 
are Polyploidie plants (Clapham et al., 1962). This could account for the large 
number of ADH isozymes present in these species. Ornduff (1970) described 
Nymphoides peltata as a hexaploid plant, yet this species has only three ADH 
isozymes. No information is available about the ploidy level of the other macrop­
hytes. 
ADH polymorphism of Nymphaea alba and Nuphar lutea rooting in organic 
anoxic sediments could be advantageous with respect to root hypoxia and, therefo­
re, the result of selective processes. It is well documented that isozymes can have 
differing kinetic properties and different optima with respect to pH, temperature, 
substrate affinity, etc. (Johnson, 1974; Markert, 1975; Mayne and Lea, 1984). 
During anaerobiosis fluctuations in the pH, temperature and concentration of 
various metabolites are likely to occur. Hence, a large set of ADH isozymes, each 
of them with their own typical physico-chemical properties, can affect ethanolic 
fermentation in such a way that it increases the adaptive ability of the plant with 
respect to root hypoxia. 
Ι η contrast to Nymphaea alba and Nuphar lutea, Nymphoides peltata germ inates 
and roots in the littoral zone where aerobic conditions are more likely to occur 
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(Smits et al., 1990). At this site, the adaptive value of ethanol fermentation and, 
possibly, ADH polymorphism is of less importance. 
Analogous with Nymphoides peltata, a large set of ADH isozymes should be 
of little advantage to aquatic plants rooting in an mineral oxidative sediment. 
Indeed, it is remarkable that two of the three aquatic plants studied here which 
generally root in an oxidative environment produce a limited number of ADH 
isozymes in their roots. In spite of the relatively large number of ADH isozymes 
in the roots of Littorella uniflora, ethanol production is rather low. It is probably 
not ADH polymorphism, but other enzymes or metabolical aspects of anaerobic 
metabolism, with are the rate-limiting step of ethanol fermentation in this species. 
We propose the hypothesis that aquatic plants with a high degree of ADH poly 
morphism, and with morphological adaptations making frequent and intensive 
ethanol production feasible, experience a selective advantage in oxygen-deprived 
sediments. However, few data are available yet and quite a number of surveys 
must follow in order to establish the role of ADH isozymes in root hypoxia tole­
rance of aquatic and wetland plants. 
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ABSTRACT 
The presence/absence data of Nymphaea alba L., Nuphar lutea (L.) Sm. and 
Nymphoidespettata (Gmel.) 0 . Kuntze in 588 water bodies throughout The Ne-
therlands were converted into logistic response curves with respect to alkalinity. 
For Nuphar lutea and Nymphoidespeltata maximum probability of occurrence 
was found at 2.86 and 3.76 meq I'1 respectively. Nymphaea alba has a broad 
ecological amplitude with respect to alkalinity in comparison to Nuphar lutea 
and Nymphoides peltata. Within the 95%-confidence interval no optimum for 
Nymphaea could be determined. 
Uptake capacity for dissolved inorganic carbon (DIC) was examined using the 
pH-drift technique. In a 1-mM NaHC03 solution the DIC-extracting capacities 
of Nymphaea alba, Nuphar lutea and Nymphoides peltata were compared with 
those of the HC03" -using macrophyte Potamogetón gramineus L.. Unlike the 
situation for Potamogetón gramineus, no uptake of HC03" could be registered 
by the floating and submerged laminae of the 3 nymphaeid species studied. 
A very limited uptake of HC03 ' was measured when Nymphaea alba, Nuphar 
lutea and Nymphoides peltata seedlings were cultivated in solutions with a high 
bicarbonate concentration. Under natural conditions uptake of HC03" can be ne-
glected. 
INTRODUCTION 
Several biotic and abiotic factors determine the occurrence and abundance of 
aquatic macrophytes (Sculthorpe, 1967; Hutchinson, 1975;Spence, 1967). It has 
even suggested that macrophyte establishment and development are mainly based 
on water chemistry, provided that space is available and propagules of the species 
are present at a particular locality. It has been recognized however, that the sedi-
ment characteristics also influence the species composition of aquatic macrophyte 
communities (Barko and Smart, 1980, 1983). 
A causal relation between the available carbon source and the distribution of 
aquatic macrophytes has already been reported by Steemann-Nielsen (1944). All 
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submerged aquatic macrophytes can use dissolved C02 for photosynthesis, but 
additional HC03" assimilation is confined to certain algae and a limited number 
of aquatic angiosperms (Raven, 1970; Maberly and Spence, 1983; Spence and 
Maberly, 1985). Among the aquatic bryophytes examined so far (Bain and Proc-
tor, 1980) a limited utilization of bicarbonate was ascertained only for Fontinalis 
antipyretica Hedw. (Peñuelas, 1985). 
In view of this difference in C-extractive capacity, it is not surprising that a 
number of investigations have revealed a significant correlation between the alkali-
nity of a water body and the occurrence of certain species (Spence, 1967; Adams 
et al., 1978; Wiegleb, 1978; Pip, 1979; Hellquist, 1980; Kadono, 1982a,b). 
Nymphaeid waterplants do not depend entirely on the water phase for their car-
bon source. The upper surfaces of the floating leaves contain functional stornata, 
allowing C02 from the atmosphere to be fixed by photosynthesis (Hutchinson, 
1975). Little is known about the relative contributions of air and water to the 
photosynthesis of heterophyllous plants (cf. Spence and Maberly, 1985). However, 
Filbin ( 1980) found that the aqueous phase can be a considerable source of inor-
ganic carbon for Lemna minor L. and for the floating leaves of two nymphaeacean 
species, although its contribution varies with the age of the leaves. Carbon assimi-
lation of nymphaeid macrophytes is restricted to the green submerged parts of 
the plant during some phases of the life cycle. Seedlings and young plants of 
Nymphaea alba L. and Nuphar lutea (L.) Sm. produce only submerged leaves. 
Consequently, the biomass production of these plants during the establishing phase 
is completely dependent on the availability of dissolved inorganic carbon (DIC). 
After germination under water Nymphoidespeltata (Gmel.) O. Kuntze develops 
two lanceolate cotyledons which are succeeded by some thin, circular leaves 
which resemble the submerged leaves of Nymphaea alba and Nuphar lutea. In 
contrast to the underwater leaves of Nymphaea alba and Nuphar lutea, the inun-
dated leaves of'the Nymphoides peltata seedlings can develop into floating leaves 
after they have reached the water surface. 
During winter and early spring, only submerged leaves are present on the rhizo-
me of the Nuphar lutea plant. In streams, Nuphar lutea develops only submerged 
leaves. Nymphaea alba produces less underwater leaves compared with Nuphar 
lutea and the production of these leaves ceases when the floating leaves are deve-
loping. 
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In view of the substantial parts of the life cycle in which the carbon source for 
photosynthesis is restricted to DIC, it is of importance to study the distribution 
of these macrophytes in relation to alkalinity and their uptake capacity of DIC. 
In the present study, the occurrence of the three nymphaeids Nymphaea alba, 
Nuphar lutea and Nymphoidespeltata in a large number of water bodies is related 
to water alkalinity, and the DIC-extractive capacity of these macrophytes is stu­
died using the pH-drift technique (Allen and Spence, 1981). 
MATERIAL AND METHODS 
Field studies 
During the period 1978 - 1984, 588 aquatic habitats were surveyed. Among 
them were ditches, ponds, moorland pools, oxbow lakes and rivers throughout 
The Netherlands. Each water body was visited 2 - 4 times a year, during winter 
and summer. The presence or absence of nymphaeids was registered and pH and 
alkalinity of the surface water measured. Alkalinity was determined immediately 
after collection of the water sample by titration with 0.1 M HCl down to pH 4.2. 
The pH was measured with a type EA-152 (Metrohm) combined electrode, con­
nected to a Metrohm Herisau E-488 pH/mV meter. The data of occurrence of 
Nymphaea alba, Nuphar lutea and Nymphoidespeltata in relation to water alkali­
nity were analysed with the Gaussian logistic regression method (GLR) (Austin, 
1980; Austin et al., 1984), according to the regression analysis available in the 
standard statistical package (PROC LOGIST; S.A.S. 1986). 
Determination of inorganic carbon uptake; pH-drift experiments 
Carbon uptake by plant material was measured using a procedure which was 
slightly modified from the one described by Allen and Spence (1981). The measu­
rement involved continuous registration of the pH in a DIC- solution with photo-
synthesising plants. All experiments were conducted at 16 °C (± 0.5 °C) in a 
temperature-controlled chamber. During the experiments, light was provided by 
a 150-W halogen lamp at an intensity of 550 μΕϊηβίβίη m"2 s"1. Freshly-collected 
plant material or cultivated seedlings were used. The pH measurements were 
discontinued when no increase in pH had occurred for at least lh. Carbon uptake 
was calculated from the change in pH with time resulting from carbon assimilati-
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on. The pH was measured by means of two combined electrodes (Metrohm EA 
152) and recorded simultaneously on a chart recorder (TOA EPR 200A). The 
electrodes were calibrated against buffers of pH 7.0 and 8.5 at 16 °C. Experiments 
in which the two electrodes gave non-identical pH values during the measurements 
were rejected. The relative proportions of C02, HC03" and C032 - were calculated 
from pH, temperature and ionic strength according to Stumm and Morgan (1970). 
On occasions the oxygen produced at the end of the experiment was determined 
by Winkler titration (Drew and Robertson, 1974). 
Uptake of inorganic carbon in an 1-mM NaHCOj solution 
The carbon uptake capacity of floating leaves of Nymphaea alba, Nuphar lutea 
and Nymphoidespeltata seedlings in an 1 -mM NaHC03 solution was determ ined. 
The submerged leaves of Nymphaea alba and Nuphar lutea were also tested. The 
carbon-extracting capacity of Potamogetón gramineus L., which was expected 
to use HCOj" for photosynthesis, was measured in order to compare the obtained 
results. 
Plant material was obtained from a cultivated-stock. The plants were grown on 
clay in large glass aquaria or polyethylene tanks filled with tap water of moderate 
alkalinity (c. 1.5 meq Γ1). Light was provided by a metal halide lamp (Philips 
HP; 400 W) at 200 цЕіпэІеіп m-2 s"1 with a daily photoperiod of 18 h. 
Uptake of inorganic carbon by seedlings cultivated at varying alkalinity 
As HC03" uptake is dependent on the available concentration (Allen and Spence, 
1981), seedlings of Nymphaea alba, Nuphar lutea, and Nymphoidespeltata were 
cultivated in media at varying alkalinity (i.e. varying HC03'concentration). The 
seedlings were grown in a mixture of sand and clay in large glass containers (40 
1). The aquaria were filled with a culture medium consisting of salts added to 
twice-demineralized water (see Table 1). The concentration of each nutrient was 
within the range of the nutrient concentrations found in water bodies dominated 
by nymphaeid water plants (Van der Velde et al., 1986). By adding different 
amounts of NaHC03 the alkalinity of the medium was varied. The culture medium 
was regularly replaced and filamentous algae were removed by hand, in order 
to prevent large fluctuations in pH and DIC concentrations. The seedlings were 
cultivated at alkalinities of approximately 0.6, 1.0, 2.5 and 5.0 meq Г' during 
4 - 1 6 weeks. Subsequently, the C-extractive capacity of these seedlings was 
determined. Prior to the experiments the alkalinity of the cultivation medium was 
accurately determined and the carbon uptake of the seedlings was measured in 
a NaHC03 solution with a corresponding alkalinity. 
Table 1. Chemical composition of the cultivation medium to which different 





































Photosynthetic activity in an oxygen depleted solution 
On occasions, when a pH - drift experiment was terminated, dissolved 0 2 was 
determined. After incubations in media of high alkalinity (> 1.0 meq Γ') in parti­
cular, an oversaturation of dissolved 0 2 was measured (155 -240 % air saturation; 
data not shown). It is not inconceivable that a high 0 2 concentration could have 
a negative effect on the uptake of HC03 '. Therefore, in an oxygen-depleted soluti­
on the photosynthetic activity of the nymphaeid seedlings and Potamogetón gra-
mineus was measured. The plants were allowed to photosynthesize in a solution 
containing only HC03 ' as DIC (a), and in a solution containing both C02 and 
HCO3- (b). 
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Fig. 1. Frequency distributions of the sampled waters (n = 588) with respect to alkalinity. 
The bars show the number of water bodies in each alkalinity class. Each class (except 
the extremes) is defined by (x- 0.5 meq I ~') < χ < (χ + 0.5 meq I ''). Mineral acidity 
is equivalent to negative alkalinity. 
(a) The pH of a 2-mM NaHC03 solution was adjusted to pH 8.3 with 0.1- N 
NaOH solution so that HC03" was the only DIC source available. The bicarbonate 
solution was bubbled through with nitrogen gas in order to reduce the concen­
tration of dissolved oxygen to approximately 30 μΜ. Some leaves of each species 
(about 3-g fresh weight) were rinsed in distilled water and subsequently incubated 
in closed serum bottles (130ml) containing the hypoxic 2-mM NaHC03 solution. 
(b) The laminae of Nymphaea alba, Nuphar lutea, Nymphoides peltata and P. 
gramineus were also incubated in the hypoxic 2-mM HC03' solution. Prior to 
the incubation, however, acid (0.1-N HCl) was injected through the rubber stopper 
of the serum bottles in order to obtain a solution containing 0.5-mM C02 and 
1.5-mM HCOj". Photosynthetic activity was determined by measuring the produ­
ced oxygen. Dissolved oxygen was determined according to Drew and Robertson 
(1974). The seedlings of the nymphaeids and P. gramineus used in this experi-
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ment were cultivated in a culture medium (see Table 1) containing 3-mM Na-
HCO3. Prior to the experiments, plant material was carefully cleaned of debris 
and rinsed in distilled water. Only submerged leaves were used. The measure­
ments were conducted at 20 °C and at a light intensity of 250 μΕϊηβίβίη m"2 s'1. 
In all treatments the incubations were terminated before the 0 2 content in the 
serum bottles, equalled the air-saturated 0 2 concentration. 
RESULTS 
Field studies 
Figure 1 shows the frequency distribution of the sampled water bodies with 
respect to alkalinity classes. It can be noted that most of the sampled water bodies 
had a low to moderate alkalinity (0.5 - 1.5 meq Γ1), which resulted in a positive 
skewed sample distribution of alkalinity. As a consequence, estimation of the 
indicator values and ecological amplitudes by weighted averaging and calculating 
medians, respectively, would be unreliable. Therefore, the Gaussian logistic re­
gression (GLR) procedure was used to estimate species optima and ecological 
amplitudes from presence/absence data. These presence/absence data, modelled 
with GLR, result in an unimodal occurrence-probability curve. The Gaussian-logit 
response curves for Nymphaea alba, Nuphar lutea and Nymphoides peltata are 
depicted in Fig. 2. The relatively high values of 'pmax' and 't' of the response 
curve of Nuphar lutea indicate that this species was the most common one in 
the waters sampled (p
m
„ = 0.31 ; t = 1.56), followed by Nymphaea alba (p
max
 = 
0.17; / = 2.54) and Nymphoides peltata (p
m
„ = 0.15; t = 1.35). 
Nymphoides peltata is restricted to waters with a relatively high alkalinity (м 
= 3.76 meq Г1) while Nuphar lutea shows highest frequency in waters of a si ightly 
lower alkalinity (w = 2.86 meq 1 ' '). The alkalinity range of waters which are 
likely to harbour Nuphar lutea is greater than that of waters with Nymphoides 
peltata (t = 2.54, 1.56, respectively). Nymphaea alba has a broad ecological am­
plitude. The optimum (и) could not be estimated reliably. No 95% confidence 
interval could be calculated. The 90% confidence interval given in Table 2 shows 
that the species favours low alkalinities. Moreover, it may be noted that unlike 
Nymphoides peltata, Nymphaea alba and Nuphar lutea occur in acid waters in 
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Table 2. The estimates for maximum probability (ртах), optimum (u) and tolerance (t) 
of the logistic response curves shown in Fig. 2. s.e.: standard error of de estimate. The 
upper and lower limits of the 95% of90% confidence interval (conf intv.) of и are given. 
Standard errors of the estimates were computed according to ter Braak and Looman 
(1986) and the Appendix. 
ртах s.e. t s.e. и s.e. conf. lower upper 
intv. 
Nuphar lutea 0.31 0.03 1.56 0.17 2.86 0.20 95% 2.45 3.43 
Nymphaeaalba 0.17 0.02 2.54 0.69 1.37 0.74 90% -8.00 2.25 
Nymphoides pettata 0.15 0.03 1.35 0.20 3.76 0.30 95% 3.21 5.03 
Experiments 
Uptake of inorganic carbon in an 1-mM NaHC03 solution 
Carbon-uptake rates calculated from pH-drift experiments in a solution of 1-mM 
NaHCOj are shown in Fig. 3. The DIC uptake of P. gramineus can be described 
by a two-phased curve, which is obtained when both C0 2 and HC03" are removed 
from the solution (Allen and Spence, 1981). It has been suggested that this C-
uptake curve is composed of two components. The linear part of the curve repre­
sents C0 2 uptake, while the remaining section is the result of HC03" uptake. 
Extrapolation of the linear part of the curve would yield the total DIC (CT)-con-
centration at which net uptake of C0 2 no longer occurs. The C0 2 concentration 
at this point can be calculated and is assumed to be the C0 2 compensation point. 
Extrapolation of the HCCy-uptake curve yields the HC0 3 ' compensation point 
under the experimental conditions. The ratio of DIC to alkalinity (C^Alk) found 
in the solution after the plant has failed to continue the uptake of inorganic carbon 
is a measure of its C- extracting capacity (Maberly and Spence, 1983). It can 
be deduced that at a C^Alk ratio of approximately 1.0, C0 2 is the main form 
of DIC removed from the solution. At lower C^Alk values HC03" is used for 
photosynthesis as well. 
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Total inorganic carbon concentration [С ] ( m m o l · Г 1 ) 
F/g. i. Rate of carbon uptake plotted against the total inorganic carbon concen­
tration ( CT) in a closed constant alkalinity system. A solution of 1-mM NaHCO¡ was 
used in all experiments. 
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In Table 3 and 4 the results of the conducted pH-drift experiments are shown. 
In a 1-mM NaHC03 solution P. gramineus achieved a C/Alk of 0.51 indicating 
that HCOj" can be an important source of inorganic carbon. In view of the uptake 
rates for C02 and HC03", respectively, it is evident that affinity towards C02 is 
considerable higher. Only linear uptake curves are obtained in pH-drift experi-
ments with leaves of Nymphoides peltata seedlings and with both floating and 
submerged leaves of Nuphar lutea and Nymphaea alba, which reflects the very 
poor HC03'-extractive capacity of these macrophytes in a 1-mM HC03' solution. 
Compared with the floating leaves of Nymphaea alba and Nuphar lutea the C-
uptake rates of the submerged leaves of Nuphar lutea, Nymphaea alba and Nym-
phoides peltata seedlings are markedly higher. This difference is most probably 
due to 
a high diffusion resistance as a result of the thick cuticle of the floating leaves, 
which under natural conditions prevents desiccation. Moreover, a fast exchange 
between dissolved carbon and the submerged laminae is easier than it is for the 
relatively thick floating leaves. 
pH-drift experiments conducted in solutions of high alkalinity gave lower C^Alk-
ratios than measurements in solutions with low alkalinity (see Table 3 and 4). 
The Cp/AIk-ratios are, however, not much lower than 1.0, indicating a very limi-
ted HC03" uptake. The increased C02 compensation points determined at high 
alkalinities were probably consed by the increased photorespiration. 
Uptake of inorganic carbon by seedlings cultivated at various alkalinities 
PhotosynthesisofNymphaeaalba,Nupharlutea,Nymphoidespeltataseed\'\ngs 
and P. gramineus in an oxygen depleted medium under different DIC conditions 
are shown in Fig. 4. Only P. gramineus was able to produce 0 2 in a solution 
in which DIC consisted solely of HC03". From the negligible photosynthetic acti-
vity of Nymphaea alba, Nuphar lutea and Nymphoides peltata in the 'HC03"-incu-
bation experiment', as opposed to the considerable 0 2 production in the 'C02/ 
HC03" incubation experiment', it can be concluded that the accumulated 0 2 in 
the pH-drift experiments did not mask a limited HC03' uptake by these macrophy-
tes. 
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Table 3. Data obtained from pH-drift experiments using an 1-mM NaHC03 solution. 





































Table 4. Data derived from pH-drift experiments with Nymphoides, Nymphaea and Nuphar 
seedlings. 
" The approximate bicarbonate concentration in which the seedlings were cultivated. 
During the culture the HCO}- concentration fluctuated about 0.5 meq V. 
b
 The accurate bicarbonate concentration at the start of an experiment. 
c
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Fig. 4. Oxygen production of Nympluiea alba (N.a.), Nupluir lutea (Ν.I.), Nympholdes 
pettata (Ν.p.) and Potamogetón gramineus (P.g.). in hypoxic solution under various DIC 
conditions. Prior to the experiments oxygen was stripped from the incubation medium 
using nitrogen gas, after which NaHCO^ was added. In all experiments Cj was 2 mM, 
but in half of the incubations CT consisted of 0.5 mM C02 + 1.5 mM I ICO f (C02l-HCOf), 
while in the other half DIC was present exclusively as HCO f (HCO f). DIC composition was 
achieved by adding appropriate amounts of O.I N HCl. Each treatment was conducted 
in triplicate. 
DISCUSSION 
According to Stumm and Morgan (1981) the most relevant non-carbonate bases 
that occur in fresh waters are the silicates (10~*-10"3 M), implicating that, general-
ly, measurements of water alkalinity provide a reasonable estimation of dissolved 
HCO/ and CO32-. 
In view of the alkalinity value with the highest frequency of occurrence and 
the small ecological amplitude of Nymphoidespeltata with respect to alkalinity, 
it can be concluded that the habitat of this nymphaeid macrophyte is restricted 
to well-buffered waters. 
After a survey of 17 selected surface waters, representing most of the aquatic 
macrophyte communities in Eastern Central Europe, Pietsch (1972) also classified 
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Nymphoides pel tata as a species restricted to water bodies with a high calcium-
bicarbonate content. 
Wiegleb (1978), who investigated the hydrochemical factors and the macrophyte 
vegetation of 79 lakes and ponds in Germany (F.R.G), regarded Nymphoides 
peltata as a characteristic species of waters with an alkalinity higher than 2 meq 
Γ', which is in agreement with our results. 
Like Nymphoides peltata, Nuphar lutea occurs mainly in alkaline waters, but 
its optimum alkalinity of occurrence is lower and its ecological amplitude, with 
regard to alkalinity, is larger. Hence, Nuphar lutea can be found in aquatic ecosys­
tems with a low water alkalinity or even in acid waters. 
Iversen (1929) presented some records of the occurrence oí Nuphar lutea in 
'acidotrophic' waters in Great Britain. The pH of these waters, however, was 
never lower than 6. According to Heslop-Harrison (1955a,b), Nymphaea alba 
occurs more frequently in weakly acid and nutrient-poor waters than Nuphar lutea. 
In contrast to the above mentioned authors, the occurrence of Nymphaea alba 
and Nuphar lutea in water bodies with a mineral acidity was recorded. In none 
of the sampled acid waters was Nymphoides peltata found. 
The increase in acid precipitation over the last decades has led to the acidification 
of a great number of poorly-buffered waters in The Netherlands in which Nym-
phaea alba, and to a lesser extent, Nuphar lutea were usually found (Arts, 1987). 
Nymphaea alba and Nuphar lutea are still present in these acidified waters, in 
contrast to some characteristic speciesof soft waters. This development may have 
caused a shift of the occurrence range towards the acid water bodies. 
In acid waters, submerged macrophytes are completely dependent on C02 in 
the water column or in the sediment. The floating leaves of Nymphaea alba and 
Nuphar lutea, however, have access to atmospheric C02. An additional source 
of inorganic carbon may be supplied by respiratory C02. Dacey (1980, 1981) 
and Dacey and Klug (1982) have described an internal ventilation system which 
enhances oxygen transport to the rhizomes and roots of Nuphar lutea. Simulta-
neously, a more rapid movement of respiratory C02 to the leaves is achieved, 
where it can be assimilated. This pressurized gas transport has also been found 
in Nelumbo nucífera Gaertn. (Merget, 1874; Ohno, 1910) and Nymphoides peltata 
(Grosse and Mevi-Schiitz, 1987). It appears to be a general phenomenon in aqua-
tic plants with floating or emergent leaves. 
i o n 
The production of floating leaves and the successful vegetative propagation 
of nymphaeids may, at least partly, explain the survival of Nymphaea alba and 
Nuphar lutea in acid water bodies. However, little is known about the germination 
and seedling development of these nymphaeids. Their generative reproduction 
in acid moorland pools is currently under investigation. 
The DIC-uptake capacity of the floating leaves is not essential for demonstrating 
a possible relation between the distribution of'Nymphaea alba, Nuphar lutea and 
Nymphoides peltata and the quantity and composition of DIC. As pointed out, 
the photosynthesis of the full-grown nymphaeid has become largely independent 
of DIC. Juvenile nymphaeids do not possess floating leaves, and thus have no 
access to atmospheric C02. In addition, there is no enhanced ventilation of the 
internal atmosphere which would allow an efficient refixation of respiratory C02 
originating in the roots. Therefore, uni ike the full-grown macrophytes, photosyn-
thesis of Nymphaea alba and Nuphar lutea seedlings is completely dependent 
on DIC. This also applies to Nymphoides peltata seedlings, but for a significantly 
shorter period. Nymphoides peltata has no morphologically-distinct leaves similar 
to the underwater leaves of'Nuphar lutea and Nymphaea alba. The leaves of Nym-
phoides peltata produced beneath the water surface, however, are very thin and 
fragile (cf. Glück, 1924). The poor aeration of the aerenchyma of amphibious 
and aquatic plants during the submerged phase results in ethylene accumulation 
(Ridge, 1987). The petioles react to ethylene with a strong cell-wall extension 
(in young petioles and laminae also by an increased cell division; Funke and 
Bartels, 1937; Malone and Ridge, 1983; Ridge and Amarasinghe, 1984). This 
elongation leads to a rapid growth of the laminae to the water surface. Once the 
floating leaves are established, as is the case very soon after germination, the 
photosynthesis of the young Nymphoides peltata plant becomes independent of 
DIC. 
There are several methods for measuring inorganic C-uptake by aquatic macro-
and microphytes. In this study the pH-drift technique introduced by Allen and 
Spence (1981) was used, involving continuous registration of pH in a closed 
system at constant alkalinity. There is good agreement between the results obtai-
ned with this Potentiometrie technique (indirect determination of С uptake) and 
those obtained with the Infra-Red Gas Analysator (IRGA)- and 14C-method (direct 
determination of C-uptake; Hofslagare et al., 1985). The main drawbacks of the 
pH-drift technique are: (1) the long incubation time which is often needed to 
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determine the final pH (cf. also Sand-Jensen, 1987); (2) the accumulation of 
oxygen, which causes an increase in the C02 compensation points. However, 
Maberly and Spence ( 1983) argued that high 0 2 concentrations are likely to occur 
in productive aquatic ecosystems, and thus C-extracting capacities estimated at 
elevated 0 2 concentrations are ecologically significant. 
The floating leaves of Nuphar lutea, Nymphaea alba and Nymphoides peltata 
show comparable HC03"-uptake capacities in an l-mMNaHC03 solution. Among 
other aquatic macrophytes, Maberly and Spence (1983) also determined the C-
extracting ability of the floating leaves of Nuphar lutea, albeit under slightly 
different experimental conditions. However, there is good agreement with the 
results presented here. In an 1 -mM KHC03 solution they measured a Cp/Alk ratio 
for Nuphar lutea of 0.98 (cf. the C/Alk ratio of 0.99 found in this study). 
Francko (1986) studied the C-assimilation of Nelumbo lutea (Willd.) Pers. at 
alkaline and acidic conditions. At pH 8.2 the assimilation rate of ,4C exceeded 
the regeneration rate of C02 from the aqueous carbonate equilibria. Hence, the 
observed incorporation of 14C could not account for C02 uptake alone. He sugge-
sted that this relatively high assimilation rate at high pH was the result of a limi-
ted HCO3' uptake. 
Maberly and Spence ( 1983 ) demonstrated that Elodea canadensis Michx. was 
unable to use HC03" at 0.5-mM bicarbonate. When this species was tested in an 
1-mM KHC03 solution, however, a G/Alk ratio of 0.7 was measured. Such a 
concentration-dependent uptake of HC03" was not found for Nymphaea alba, Nup-
har lutea and Nymphoides peltata seedlings which had been cultivated for at least 
3 weeks at varying alkal inities (Table 4). Indeed, the C/Alk ratios obtained for 
these macrophytes were lower at higher bicarbonate concentrations, although they 
did not show values below 0.96 (see Table 4). 
There is no sharp dividing line between C02-and HC03"-using macrophytes. 
It is more appropriate to rank the species in a progressive series for bicarbonate-
uptake capacity (Maberly and Spence, 1983). Comparing the HC03"-uptake capaci-
ties of Nymphaea alba, Nuphar lutea and Nymphoides peltata seedlings with those 
of other macrophytes (Spence and Maberly, 1985), it is evident that thesejuvenile 
nymphaeid macrophytes belong to the group of aquatic plants which primarily 
use dissolved (or atmospheric) C02 for photosynthesis. 
The seedlings of Nymphoides peltata, but especially those of Nymphaea alba 
and Nuphar lutea, frequently occur in slowly moving or stagnant waters on orga-
nie sediments enriched with C02 (A.J.M. Smits & P. van Avesaath, unpublished 
data, 1988). It is not known whether these seedlings are able to transport C02 
from the sediment via the roots to the laminae, where it can be used for photo-
synthesis. In these water bodies, however, the C02 concentration in the water 
layer just above the sediment exceeds equilibrium values, so that either way am-
bient DIC is characterized by a relatively low HC037C02 ratio. Assuming that 
regulation of bicarbonate uptake by the HC037C02 ratio (Sand-Jensen and Gor-
don, 1986) is uniform for all aquatic macrophytes, HC03" as an alternative inorga-
nic carbon source for Nymphaea alba, Nuphar lutea and Nymphoides peltata 
seedlings under natural conditions should be of little importance. The high fre-
quency of occurrence ofNuphar lutea and Nymphoides peltata in alkaline waters 
is probably based on factors which are related to high alkalinity (Ca2+, Mg2+ or 
other nutrients such as N or P; Van der Velde et al., 1986; De Lyon & Roelofs, 
1986). To what extent these parameters influence the occurrence of these nymp-
haeid macrophytes needs to be investigated. 
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APPENDIX 
By C.J.F. TER BRAAK 
Variance and confidence interval for maximum probability in de Gaussian-logit 
model. 
Using the notation öfter Braak and Looman (1986), the estimated optimum and 
maximum probability are, respectively, 
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ABSTRACT 
Nymphoidespeltata (Gmel.) O. Kuntze, a nymphaeid macrophyte, occurs com-
monly in polder and fluviatile areas in large parts of Europe and Asia. In contrast 
to the nymphaeid macrophytes Nymphaea alba L. and Nuphar lutea (L.) Sm., 
Nymphoidespeltata is almost completely absent from poorly-buffered waters and 
is never found in acid water bodies. Transplantation experiments in water bodies 
of varying alkalinity demonstrated that, irrespective of the sediment type, leaf 
production of Nymphoides did occur in poorly-buffered waters, but not in acid 
waters. 
Cultivation experiments showed that floating leaf development oí Nymphoides 
peltata could only take place if sufficient calcium was available in the water layer 
or in twice-demineralized water. Addition of calcium to an acid cultivation medi-
um or to water collected from an acid moorland pool resulted in leaf producti-
on.Growth of'Nymphoides in acid waters is impossibledue to insufficient calcium 
concentrations in the water layer of such waters. It is suggested that the absence 
ofNymphoides peltata in some poorly-buffered water bodies is partly due to the 
spatial isolation from rivers and canals and the high frequence of desiccati-
on.The restricted occurrence of'Nymphoidespeltatato well-buffered alkaline wa-
ters is functionally more related to the calcium availability than to the bicarbonate 
content. 
INTRODUCTION 
Nymphoides peltata (Gmel.) O. Kuntze is a nymphaeid macrophyte occurring 
in lowlands associated mainly with rivers in southern, western and central Europe 
and the temperate areas of Asia (Van der Voo and Westhoff, 1961 ; Meusel, Jäger, 
Rauschert, and Weinert, 1978). Miiller-Stoll and Krausch (1959) described Nymp-
hoidespeltata as a thermophilous aquatic plant, whose area of distribution is re-
stricted by severe, cold winters. 
The main distribution areas of Nymphoides peltata in the Netherlands are con-
centrated in polder areas (sea clay) and fluviatile areas (Van der Meijden, Plate, 
and Weeda, 1989; Van der Velde, Custers, and De Lyon, 1986). It is found espe-
1 Л(\ 
cially in ditches, canals and oxbow lakes (Van der Velde et al., 1986; Van der 
Voo and Westhoff, 1961). Nymphoides has its highest frequency of occurrence 
in well-buffered waters and is often accompanied by other nymphaeid macrophy-
tes such as Nymphaea alba L. and Nuphar lutea (L.) Sm. However, in contrast 
to Nymphoides pettata, Nuphar lutea and Nymphaea alba frequently occur in 
poorly-buffered and acid waters (Van der Velde et ah, 1986; Smits, De Lyon, 
Van der Velde, Steentjes, and Roelofs, 1988). 
Until now, it has remained unclear why the area of distribution oí Nymphoides 
peltata is mainly confined to sea-clay polders and habitats which are profoundly 
influenced by rivers and streams. Several hypotheses with respect to its absence 
in poorly-buffered and acid waters can be postulated e.g.: 
(a) The dispersal of seeds of Nymphoides into these (generally) isolated water 
bodies is insufficient or absent. Many of the acid waters in the Netherlands 
in which Nymphoides is absent, are not located in the vicinity of large ri-
vers (Leuven, 1988); 
(b) The seeds are not able to germinate in these waters; 
(c) The plant needs bicarbonate for photosynthesis during the submerged phase 
(seedling development); 
(d) The chemical and physical characteristics of the water layer and or the 
sediment hinder the growth of this plant. 
With respect to first mentioned hypothesis it can be noted that external transport 
by waterfowl of the flat, desiccation-tolerant Nymphoides seeds may be easier 
than that of the smooth, round and desiccation-intolerant seeds of'Nymphaea alba 
and Nuphar lutea (Smits, Van Ruremonde, and Van der Velde, 1989; Cook, 
1990). Thus, dispersal by waterfowl such as the Coot {Fúlica atra L.) and the 
Mallard (Anas platyrhynchos L.) which are common in both alkaline and acid 
waters (Schuurkes and Starmans, 1987) to isolated water bodies may occur. Ho-
wever, internal transport of'Nymphoides seeds is very unlikely because the seeds 
are easily digested (Smits et al., 1989). 
A previous study demonstrated that the germination oí Nymphoides peltata seeds 
in waters of low alkalinity and acid waters is successful and is, therefore, no 
impediment for the establishment oí Nymphoides in these water bodies (Smits, 
Van Avesaath and Van der Velde, 1990), so that its absence from soft- and acid 
water bodies must be due to post-germination mechanisms and /or processes. This 
rules out the second hypothesis. 
Smits et al. (1988) demonstrated that the occurrence of Nymphoidespeltata in 
well-buffered waters is not based upon the utilization of dissolved bicarbonate 
for photosynthesis, a feature which is common to many aquatic plants which grow 
in well-buffered waters (Spence and Maberly, 1985). Thus the restriction of the 
occurrence oí Nymphoides peltata to alkaline waters is not due to the need for 
bicarbonate. This means that other factors inherently associated with the habitat 
ofNymphoides peltata are essential for the establishment and production of this 
aquatic plant species (hypothesis d). 
In this study the leaf production of Nymphoides was determined in water bodies 
of varying alkalinity. Cultivation experiments were set up under various conditions 
in order to reveal which chemical factors) control(s) the lamina production of 
Nymphoides peltata. 
MATERIALS AND METHODS 
Transplantation experiments 
Nymphoides peltata plants were collected during May and June, 1989, in the 
Millingerwaard near Nijmegen, the Netherlands. The peduncles and petioles of 
each plant were removed from the apex of the short shoot, which was left intact. 
The short shoots, with attached roots, were weighed and distributed over four 
weight classes (class 1, 2.1 - 7.7 ; class 2, 7.7 - 13.4; class 3, 13.4 - 19.0; class 
4, 19.0 - 24.7 g fresh weight, respectively). The plants (i.e. short shoots without 
leaves) were placed in plastic pots (volume 630 ml; 1 plant per pot). Eight pots 
were placed in polyethylene trays (44 cm χ 26 cm χ 8 cm). The plants were 
uniformly distributed by placing two plants of each weight class on each tray. 
Table 1. Topographie situation of the water bodies involved in the transplantation experi­
ments. For each water body the occurrence ofNymphoides peltata, the water alkalinity, 
pH ranges and severe desiccation of the shallow parts of the water bodies, are given. 
Alkalinity and pH were determined weekly between 17 May and 6 June, 1989. In the 
poorly buffered water of the Leemkuilen and Groenlanden photosynthesis of algae and 
macrophytes cause large diurnal fluctuations in pH. (During the light period a high pH, 
during the night a low pH). 
Waterbody Location Occurrence Akalinity range pH range Desiccation of 
of mM shallow parts of the 




Lat. Ν 51°50'22"; 
long E 6°ΟΟΌ8" 
Lat. Ν 51°5Γ46"; 
long E 5°54'47" 
Lat. Ν 5 Γ 3 6 Ί 7 " ; 
long E 5°09'00" 
Voorste Goorven Lat. Ν 51°34'54"; 
longE5°12'18" 
Huisven Ut. Ν 5ГЭ4'55"; 






1.4-2.0 8.0-8.7 No 
0.8 - 1.3 8.9-10.1 Yes, generally once a 
year 
0.5 6.8-10.3 Yes, generally once a 
year 
0.1 - 0.2 5.3 - 5.8 No 
4.2 - 4.8 No 
Five water bodies of different alkalinity were selected for the transplantation 
experiments (Table 1). The trays were placed at a depth of c. 1 m, where the 
plants were allowed to produce laminae for 21 d. The number of floating leaves 
per tray was recorded once a week. 
In the Groenlanden, the Leemkuilen, the Voorste Goorven and the Huisven 32 
Nymphoides peltata plants were planted in sediment collected at the location 
involved. In addition, 32 Nymphoides peltata plants which were planted in the 
Millingerwaard sediment were added at each location. At the Millingerwaard 
location five groups of 32 plants were planted in sediment collected from the 
Millingerwaard, the Groenlanden, the Leemkuilen, the Voorste Goorven and the 
Huisven, respectively. Statistical analysis of data was conducted with ANOVA 
followed by comparison of means (PROC ANOVA, LSD multiple range test; 
Anonymous, 1985). The average number of floating leaves produced within 21 
d. was correlated with the average values of abiotic parameters. The Spearman 
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rank correlation procedure (PROC CORR; Anonymous, 1986) was used. The 
experimental design is outlined in Fig. 1. 
Water samples were collected weekly in the vicinity of the transplanted plants. 
The pH of the water was measured with a Metrohm model E 488 pH mV-meter 
(Herisau, Switzerland) and a model EA 152 combined electrode (Herisau, Switzer­
land). Alkalinity (total alkalinity) was determined by titration of 100 ml water 
sample with 0.01 N HCl down to pH 4.2. At this pH all bicarbonate is converted 
into dissolved carbon dioxide. In most water types alkalinity is approximately 
equivalent to the quantity of bicarbonate present (Stumm and Morgan, 1981). 
Turbidity was determined by means of a Dentan model FN5 turbidity meter 
(Tokyo, Japan). Water samples taken for nutrient analysis were filtered over a 
Whatman filter (Zoetermeer, The Netherlands). The pore size of the filter was 
ca. 1.2 μπι. Concentrations of dissolved orthophosphate was determined according 
to Hendriksen (1965), nitrate according to Kamphake, Hannah, and Cohen, (1967) 
and ammonia according to Grasshoff and Johannsen (1977). Calcium, magnesium, 
phosphorus (total P), and sulphur (total S) were determined with an Inductively 
Coupled Plasma spectrophotometer (ICP) type IL Plasma 200 (Breda, The Nether­
lands). The total phosphorus and total sulphur concentrations determined was 
the sum of dissolved particulate material which passed the Whatman filter. 
LOCATION 
M Gr L G H 
M · · · · · 
S Gr · · 
a L · 
L U 
« " G · · 
H · · 
Fig. 1. Schematic presentation of the transplantation experiments. M= Millingerwaard; 
Gr = Groenlanden; L = Leemkuilen; G = Voorste Goorven; H = Huisven. (·) = 
Four trays with eight plants each placed in sediment collected from the indicated location. 
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Cultivation experiments 
Nymphoides plants (i.e. short shoots without leaves), obtained from the Millin-
gerwaard, were placed in plastic pots (630 ml) located in aquaria in order to 
examine lamina production and development. The glass aquaria were placed in 
a temperature-controlled water bath (21 °C). The water in the aquaria was conti­
nuously refreshed (1 1 h"1) from black polyethylene 100 1 stock containers by 
means of peristaltic pumps. Light was provided by metal halide lamps (Philips 
HP; 400 W) at 200 μΕ m"2 s"1 with a daily period of 18 h (for a detailed descripti­
on of the experimental design see Roelofs, Schuurkes, and Smits, 1984). The 
standard cultivation medium was prepared by adding salts to twice-demineralized 
water (Table 2). The concentration of each nutrient was within the range of the 
nutrient concentrations found in water bodies dominated by nymphaeid water 
plants (Van der Velde et al., 1986). Phosphate was omitted from the cultivation 
medium in order to prevent luxurious growth of algae; Nymphoides pettata is 
able to absorb phosphate from the sediment (Brock, Bongaerts, Heijnen, and 
Heijthuijsen, 1983). The pots were filled with sediment collected from the Voorste 
Goorven. This sediment type was chosen because of its mineral character and 
low nutrient concentration. To establish the ion concentrations in the sediment 
available to the plants, the ion concentrations in the interstitial water were deter­
mined. Ten subsamples of sediment were collected and thoroughly mixed. The 
water content of the wet sediment was measured by drying a sample for 24 h 
at 105 °C. Water soluble ions were extracted from 20 g wet sediment by continual 
agitation for 1 h in 200 ml distilled water. Alkalinity of the sediment extracts 
was estimated as described above for the water. The organic carbon content of 
the sediment was determined as the weight loss on ignition of a dried sediment 
sample at 550 °C during 4 h. The extracted water of each sediment sample was 
then centrifuged for 10 min at 5000 rev.min"1 and stored at - 20 °C until further 
analysis. Potassium, sodium, calcium, magnesium, iron, zinc, manganese, phosp­
horus (total P), and sulphur (total S) were determined with an ICP spectrophoto­
meter. 
Two cultivation experiments were carried out using the standard cultivation 
medium. A third cultivation experiment was carried out with sediment and water 
from an acid moorland pool. 






































Table 3. Physico-chemical characteristics of the sediment used in the cultivation 
experiments. 
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Cultivation experiment 1: The effect of nutrient omission on lamina produc­
tion 
Five plants (i.e. short shoots without leaves) of five different weight classes were 
placed in each aquarium. In this experiment the effect of omission of particular 
nutrients from the standard cultivation medium (pH 8.0) was studied. At each 
treatment a nutrient was omitted, namely: HC03", SO/", total N (N03* + NH/), 
Ca2+, or Mg2+, respectively. Dissolved bicarbonate was eliminated from the stand­
ard cultivation medium by acidifying the medium with HCl to a pH 5.0. In additi­
on, five plants were placed in an aquarium filled withtwice-demineralized water 
(pH 5.7). The experiment was conducted in duplicate. The data of the cultivation 
experiment were analysed with ANOVA followed by comparison of means 
(PROC ANOVA, LSD multiple range test; Anonymous, 1985). 
Cultivation experiment 2: Lamina production in media with varying calcium 
concentrations and alkalinities 
In a second cultivation experiment, the effect of varying calcium concentrations 
on the leaf development of Nymphoidespettata in acid and buffered media was 
examined (i.e. alk. 0, pH 4.0; alk. 1.0, during light period c. pH 10, during dark 
period с pH 7; alk. 4.0, pH 8.2). At each alkalinity, the effects of 0, 30, 150, 
and 2000 μΜ CaCl2 on the leaf development were determined. The experiment 
was conducted in duplicate. 
The data of the cultivation experiment were analyzed with ANOVA followed 
by comparison of means (PROC ANOVA, LSD multiple range test; Anonymous, 
1985). 
Cultivation experiment 3: The effect of calcium addition on the development 
of laminae in sediment and water of an acid moorland pool 
Sediment and water from the Huisven were collected in August 1989. Large 
transparent glass tubes were used as incubation containers (length 120 cm; diame­
ter 15 cm). In each container one Nymphoides plant from which developed leaves 
had been removed, was placed. The roots of the plant were carefully buried in 
a 9 cm thick layer of the Huisven sediment. Subsequently, the glass containers 
were filled with water from the Huisven to a height of 1.0 m. The calcium con­
centration of the interstitial water and the water layer was с 80 μΜ. In the 'calci­
um addition' treatment the calcium concentration of the water was raised to 2000 
147 
μΜ by addition of CaCl2. Both pH and calcium concentration were monitored 
and adjusted when necessary. The experiment was conducted in duplicate in the 
laboratory at ambient room temperature and light conditions in August, 1989. 
RESULTS 
Transplantation experiment 
The results of the transplantation experiments are shown in Fig. 2. The locations 
are listed in order of decreasing water alkalinity. The production of floating leaves 
decreased with decreasing alkalinity. The average leaf areas of Nymphoides peltata 
in the Groenlanden, the Leemkuilen and the Millingerwaard were similar (results 
not shown). 
The numbers of floating leaves of Nymphoides specimens which were planted 
in the Millingerwaard sediment (Fig. 2a) or in the local sediment (Fig. 2b) at 
each locality, showed a similar pattern. The highest number of leaves was produ­
ced in the Millingerwaard. In the Voorste Goorven the number of leaves produced 
was relatively low. In the Huisven three leaves developed during the experiment 
in the water column but they did not reach the water surface within 21 d. These 
leaves were not considered as floating leaves. The underground parts of Nympho­
ides planted in the Voorste Goorven and the Huisven were for the main part 
decayed at the end of the experiment. 
Fig. 2c presents the floating leaf production of Nymphoides plants in the Millin­
gerwaard which were planted in sediment types collected from the various locati­
ons. A high number of leaves was produced by plants placed in sediments from 
the Voorste Goorven and the Huisven. 
Correlation between some chemical parameters and the lamina production 
The number of floating leaves produced by Nymphoides which were planted 
in the Millingerwaard sediment at various locations was positively correlated with 
the water alkalinity, OH", Ca2+ and Mg2+ concentrations in the water layer (Table 
4). The production of leaves was negatively correlated with the H+ concentration. 





the sum of NH4
+
 + N03", total S or water turbidity. 
t ΛΟ 
Cultivation experiment 1: The effect of nutrient omission on lamina produc-
tion 
The determined physico-chemical parameters of the sediment used in the cultiva-
tion experiments are specified in Table 3. The numbers of leaves produced by 
Nymphoides after 26 d in various cultivation media are presented in Fig. 3. The 
effect of the omission of the various selected nutrients on the leaf production 
was variable. The highest number of leaves was produced in the cultivation medi-
um without HCO3". 
During the cultivation experiment, Nymphoides was still able to develop floating 
leaves in twice-demineralized water. However, no leaf production occurred in 
the cultivation medium without calcium in which calcium was not detectable by 
ICP-analysis. In the latter medium, the leaves developed from the shoot degenera-
ted before they reached the water surface and at the end of this experiment the 
underground parts of these plants were for the main part decayed. 
149 
Mean number ot leaves Mean number of leaves 
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Fig. 2. Mean numbers of Nymphoides pettata leaves produced at various locations after 
21 d. Locations are listed in order of decreasing water alkalinity. M = Millingerwaard; 
Gr = Groenlanden; L = Leemkuilen; G = Voorste Goorven; H = Huisven. (A) Leaf 
production of Nymphoides planted in Millingerwaard sediment at various locations. (B) 
Leaf product ion of Nymphoides planted in sediment collectedfrom the location involved. 
(C) Leaf production of Nymphoides in the Millingerwaard, planted in various sediment 
types. Bars present least significant difference. 
Fig. 3. Mean number of leaves 
produced by Nymphoides in vari­
ous cultivation media after 26 
days: St = standard cultivation 
medium. - HCO¡' = cultivation 
medium without HCO¡'. - Tot S 
= cultivation medium without 
total S. - Mg2+ = cultivation 
medium without Mg2+. - Tot N 
= cultivation medium without 
total N. -Ca г + = cultivation me­
dium without Ca2+. Demi = 
twice-demineralized water. Bars 
present least significant dif­
ference. 
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Cultivation experiment 2: Lamina production in media with varying calcium 
concentrations and alkalinities 
No leaf production occurred in media without calcium, regardless of pH or alkali­
nity (Fig. 4). Total leaf area increased with increasing calcium concentrations 
in the media. Only small leaves were produced in the acid cultivation media. 
Cultivation experiment 3: The effect of calcium addition on the lamina deve­
lopment in sediment and water of an acid moorland pool 
The effect of increased calcium concentrations on the leaf development of Nymp-
hoides is summarized in Table 5. Only the plants incubated in the Huisven water 
with added calcium produced floating leaves. The Nymphoides plants in the con­
tainers without added calcium developed leaves only temporarily or not at all. 
The underground parts of these plants were largely disintegrated at the end of 
the experiment. 
Mean leaf area (mm2 χ 10 ) 
0 30 150 2000 0 30 150 2000 0 30 150 2000 
Calcium concentration (μΜ) 
Fig. 4. Mean total leaf area ofNymphoides ¡eaves produced in cultivation media of vary-
ing calcium, bicarbonate alkalinity andpHafter 26 d; (A) HCO}' alk. 4.0 mM, pH 8.2; 
(В) НСО; alk 1.0 mM, pH 10.2; (С) НСО; alk 0 mM, pH 4.0. Numbers in each bar 
represent total number of leaves produced. Bars present least significant difference. 
ι о 
Table 5. Plant appearance after 50 d incubation in sediment and water of an acid moor­
land pool. Water was obtained from the Huisven. To the water in the incubation containers 
no 3 and 4, calciumchloride was added. 
Container fresh pH Ca1* Plant condition 
number weight (μΜ) 
(g) 
1 3.8 S.} 80 died 




J 3.7 5.2 2000 vital roots with 3 
floating leaves at­
tached 





The abundant occurrence oiNymphoidespeltata in fluviatile areas may be explai­
ned by the various characteristics of the life cycle of this nymphaeid macrophyte. 
It can adapt efficiently to sudden water level fluctuations by means of large and 
fast elongation of the petioles and peduncles (Funke, 1951; Brock, Van der Velde, 
and Van de Steeg, 1987) and can withstand prolonged periods of low water levels 
by adopting a land form habitus and by germination in moist mud (Glück, 1924; 
Brock et al., 1987). It colonizes the sediment eroded by high water discharge 
frequently due to the presence of a permanent seedbank (Smits et al., 1989). Ho-
wever, these life cycle characteristics might explain the success of this plant in, 
but not its confined distribution to the fluviatile area and sea clay areas. 
Nymphoides only produced a few leaves or none at all in the acid waters regard-
less of the type of sediment (Fig. 2a,b). Nymphoides specimens planted in various 
sediment types, including sediment collected from acid waters, successfully produ-
ced leaves in a buffered water body (Fig. 2c). This indicates that the type of sedi-
ment is not the primary cause of the absence of Nymphoides in acid waters. The 
ι ei 
lamina production of'Nymphoides in the poorly-buffered waters of the Groenlan­
den and the Leemkuilen suggests that the absence of this plant in these types of 
waters is not entirely caused by the abiotic environment. In the Netherlands many 
of the poorly-buffered waters originate from clay or sand-extraction activities 
and are often isolated from other water bodies. This spatial isolation may be an 
important barrier for the colonization by Nymphoides. If its seeds are eaten by 
waterfowl, they are completely digested (Smits et al., 1989) leaving the external 
transport of seeds by waterfowl for dispersal which is not very efficient (Cook, 
1990). Too frequent periods of severe desiccation in isolated, shallow water bodies 
may be another cause of absence of this nymphaeid macrophyte. During additional 
transplantation experiments we observed that Nymphoides transplanted in Groen­
landen and Leemkuilen were capable of seed production (not published data). 
Hence, we suggest that apart from the growth conditions the absence of Nymphoi­
des peltata in the poorly-buffered water bodies is also caused by the isolated and 
shallow character of these locations. 
Cultivation experiment 1: The effect of nutrient omission on lamina produc­
tion 
When Nymphoides plants were cultivated in media without sulphur, nitrogen, 
magnesium or in twice-demineralized water the lamina production was low (Fig. 
3). There was, however, a high leaf production of Nymphoides in the medium 
in which bicarbonate was neutralised by acid. Smits et al. (1988) demonstrated 
that Nymphoides pettata leaves can not use bicarbonate for photosynthesis. They 
conducted pH-drift experiments in which the leaves were totally submerged and 
found that the leaves were only able to use dissolved carbon dioxide for photosyn­
thesis. By preparing the cultivation medium without bicarbonate the addition of 
HCl transformed the bicarbonate present into dissolved carbon dioxide. The incre­
ased amounts of dissolved carbon dioxide may, therefore, explain the high leaf 
production of Nymphoides in this medium. By the addition of HCl to neutralize 
bicarbonate the chloride content of this cultivation medium was increased to 4 
mM СГ. It is assumed that this increased СГ-concentration had no negative effect 
on the leaf production because Nymphoides peltata occurs in waters which have 
a chloride content within a range of 0.3 - 12 mM (Van der Velde et al., 1986). 
The most striking effect on the leaf production in the cultivation experiments 
was caused by calcium. When other ions are present in the water layer calcium 
1 СЛ 
is needed for leaf production because leaf production still takes place when the 
plants are cultivated in twice-demineralized water. 
An amount of available calcium of с 600 μΜ present in the interstitial water 
of the sediment was insufficient to allow leaf production. This may indicate that 
the roots of Nymphoides are not able to absorb or transport calcium to the shoot. 
In this context the findings of Huebert and Gorham (1983) are interesting. They 
demonstrated a differential ability of underground and above-ground parts of the 
aquatic macrophyte Potamogetón pectinatus L. to absorb calcium. The root system 
of this plant was not able to take up sufficient calcium to enable growth. Thus, 
similar to Potamogetón pectinatus, Nymphoides also needs calcium in the water 
layer. Huebert and Gorham (1983) concluded that water-phase calcium was neces-
sary to detoxify other cations. Our results do not reveal if other (cat)ions interfere 
with calcium uptake (low calcium concentraties complicates leaf production) or 
that other ions are in some way toxic in the absence of calcium (other ions com-
plicate leaf production). The results obtained with the cultivation oí Nymphoides 
in twice-demineralized water are not contradictory to the theory that calcium acts 
as an detoxifying agent. In the demineralized water an eventual interference of 
other cations is eliminated so that the available calcium in the plant itself is suffi-
cient to allow production of leaves. 
Apart from the importance of calcium for metabolic and ion transport processes 
in plants (Roux and Slocum, 1982; Marmé, 1983; Hepler and Wayne, 1985; Ep-
stein, 1961) this element is also essential for cell wall elongation (Steer, 1988). 
Thus, a lack of calcium may also affect the elongation process of petioles and 
peduncles. As pointed out above the elongation of petioles play an important role 
in the survival strategy οι Nymphoides in the fluviatile area. The air lacunae pre­
sent in the floating leaves and petioles of nymphaeid macrophytes form the basis 
of a gas exchange system which provides the roots with oxygen and removes 
respiration products (Dacey and Klug, 1982; Grosse and Mevi-Schütz, 1987; 
Grosse, Büchel and Tiebel, 1991). This gas exchange system is of vital importance 
particularly for water plants which root in an anaerobic sediment. Inhibited elon-
gation of the petioles due to a lack of calcium in the water layer prevents contact 
with the air and the gas exchange process. This may lead to the decay of the roots 
and, finally, of the whole plant. 
Cultivation experiment 2: Lamina production in media with varying calcium 
concentrations and alkalinities 
Nymphoides was able to produce floating leaves with a relative small leaf surface 
in a medium with a pH 4.0 and a calcium concentration of 30 μΜ (Fig. 4 C). 
This would not seem to be in complete agreement with the results of the trans­
plantation experiment where Nymphoides produced only a few leaves in the Goor-
ven and none in the Huisven where the calcium concentrations in the water layer 
were 43 and 57 μΜ, respectively. This disagreement may be caused by a differen­
ce in the water chemistry (e.g. dissolved Al can be very high in acid waters; 
Leuven, 1988) and/or the height of the water column (transplantation experiments, 
1.0 m; cultivation experiments, 0.3 m). The small leaves cultivated in the acid 
media are probably due to the low pH. 
Cultivation experiment 3: The effect of calcium addition on the lamina 
development in sediment and water of an acid moorland pool 
Additional evidence that leaf production and petiole elongation oí Nymphoides 
in an acid environment with sufficient calcium is feasible was provided by the 
results of the experiment in which the water from an acid moorland pool was 
used. In this experiment Nymphoides was able to produce floating leaves and 
the roots remained vital when the calcium concentration in the water layer was 
raised to 2000 μΜ by adding CaCl2. 
Studies dealing with the role of calcium in relation to the distribution of water 
plants are correlative (Seddon, 1972; De Lyon and Roelofs, 1986) or have focused 
on the importance of the calcium coupled anion HC03" for photosynthesis (Stee-
mann-Nielsen, 1944; Spence, 1967; Hutchinson, 1975; Wiegleb, 1978; Kadono, 
1980; Sand-Jensen, 1983). 
The results of this study demonstrate that the leaf production oí Nymphoides 
peltata primarily depends on the amount of dissolved calcium in the water layer. 
Therefore calcium availability may be an important factor determining the distri-
bution ofNymphoides peltata. This is in agreement with results reported by Van 
der Velde et al. (1986). These authors presented a list of chemical parameters 
for the water and the interstitial water of localities with nymphaeid stands. The 
lowest calcium concentration in a water body in which Nymphoides occurred was 
240 μΜ for the water layer and 755 μΜ for the interstitial water, whereas Nymp-
haea alba and Nuphar lutea occurred in water bodies where the calcium concen-
1 C £ 
trations of both water and interstitial water were as low as the limit of detection. 
Generally, bicarbonate is the coupled anion of calcium in the aquatic environment. 
This implies that the distribution of M peltata is also confined to water bodies 
with a relatively high water alkalinity. We suggest that the restriction of Nymphoi-
des peltata to well-buffered alkaline waters is due to the need for calcium. 
It is known that the occurrence of other floating leaved species such as Nymp-
haea candida Presi (Van der Velde et al., 1986), and Potamogetón coloratus 
Hörnern. (Van der Ploeg, 1990) is correlated with a high calcium concentration 
of the water body and these plants are not found in acid waters. The occurrence 
of these floating leaved species may also be based on calcium availability. 
The following conclusions with regard to the distribution of'Nymphoidespeltata 
can be made. 
( 1 ) In contrast to some other nym phaeids (e.g. Nymphaea alba and Nuphar lutea) 
the water chemistry of acid waters is not suitable for the growth oí Nymphoides 
peltata. In the first instance it is not the acidity but the low calcium concentration 
of this type of water that prevents the growth of this nymphaeid macrophyte. 
(2) The absence of Nymphoides peltata in some weakly buffered waters can hardly 
be explained by the water chemistry alone. The colonization of shallow, isolated 
water bodies is complicated by a limited input of diaspores or the high probability 
that these waters desiccate. 
(3) The restricted occurrence oí Nymphoides peltata to well-buffered alkaline 
waters is functionally more related to the calcium availability than to the bicarbo-
nate content. 
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CHAPTER 10 
ECOPHYSIOLOGICAL ASPECTS OF THE LIFE CYCLE OF 
THREE ΝΥΜΡΗΑΕΠ) MACROPHYTES WHICH CAN EXPLAIN 
THEIR DISTRIBUTION AND ZONATION PATTERNS 
A SYNTHESIS 
Ecophysiologìcal aspects of the life cycle of three nymphaeid macrophytes 
which can explain their distribution and zonation patterns. A synthesis. 
The occurrence and zonation of aquatic macrophytes is the result of complex 
abiotic and biotic interactions. The most important visions and discoveries with 
regard to the vertical and horizontal distribution of macrophytes in lakes and 
rivers were critically reviewed by Spence ( 1982). In order to understand the vege-
tation patterns within a water body a number of abiotic and biotic environmental 
factors must be considered. The vertical zonation gradient is regulated by fluctua-
ting water levels, wave action and hydrostatic pressure, light climate, water che-
mistry and morpho-mechanical and physico-chemical characteristics of the sedi-
ment. In the horizontal gradient water currents and wave action play an important 
role. Moreover, both gradients differ in herbivory and bioturbations. The interacti-
on between the abiotic environment and the adaptive capability of the plants 
determines to which extent they are able to establish and to expand themselves. 
In this process all phases of the life cycle are essential. If, for example, a water 
plant is not able to grow in a certain type of water, its ability to germinate in 
this type of water is not of importance (e.g. Nymphoides in acid waters). In this 
chapter all findings of this thesis with respect to the colonizing and/or regenerative 
and established phase of the life cycle of the nymphaeid water plants Nymphaea 
alba L., Nuphar lutea (L.) Sm. and Nymphoidespeltata (Gmel.) O. Kuntze are 
related to their distribution and zonation. The main conclusions of this thesis 
and the relevant characteristics of the nymphaeid water plants are summarized 
in Table 1. 
Colonizing and/or regenerative phase 
Dispersal (Chapter 2) 
After release the seeds of Nymphaea are enveloped by a gas filled membrane, 
the arillus. The seeds of Nuphar are embedded in a spongy fruit tissue. These 
structures provide buoyancy for a short period and facilitate the dispersal of these 
diaspores via water. Generally the seeds of Nymphoides are able to float much 
longer than those of Nymphaea and Nuphar. The trichomes present on the perip-
hery of the Nymphoides seeds rest on the water surface and prevent the seeds 
from sinking. Moreover, the seeds of Nymphoides are covered with a semi-hy-
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drophobic layer which also contributes to the floating ability of these seeds (Cook, 
1990). 
In Chapter 2 it is demonstrated that all seeds of Nymphaea, Nuphar and 
Nymphoides consumed by duck, coot and carp are digested and that therefore 
there is no endozoochorous dispersal of these seeds. Moreover, the relatively large 
and smooth seeds of Nymphaea and Nuphar are not suitable for epizoochoric 
dispersal over long distances and the few seeds that possibly could stick on for 
instance webbed feet of waterfowl or on the fur of amphibious mammals (e.g. 
the water vole {Arvicola terrestris L.)), will probably fall off after a very short 
period. It is likely that ectozoochory of Nymphaea and Nuphar seeds is extremely 
restricted, and that the dispersal of these seeds will mainly depend on water move-
ments. The presence of Nymphaea and Nuphar in isolated water bodies can also 
be the result of hydrochoric dispersal during periods in history when these water 
bodies were hydrologically interconnected. Additionally also the introduction of 
Nymphaea and Nuphar by humans must not be underestimated because the flo-
wers of these water plants are appreciated for their beauty, but this mode of dis-
persal is hard to prove. 
On the other hand by the structure of the seeds of Nymphoides (the presence of 
trichomes) these seeds may be more suitable for epizoochoric dispersal. Cook 
( 1990) demonstrated that the floating seeds of Nymphoides easily stick to particu-
lar parts of the body of duck and coot but not to most of the feathers. In the 
mallard duck (Anasplatyrhynchos L.) the seeds will stick to the flanks, the region 
between bill and eyes and the webs of the feet. In the coot (Fúlica atra L.) they 
stick to the bill and shield. Due to the semi-hydrophobic layer the seeds become 
easily detached after they are re-introduced into the water. Apart from the seeds 
also the floating seedlings of Nymphoides can be considered for epizoochoric 
dispersal. 
The floating ability of the Nymphoides seeds (and seedlings), their dehydration 
tolerance and the fact that the seeds can be transported by waterfowl provide 
Nymphoides with several possibilities to colonize gaps in the water vegetation 
over a large area. This is concurrent with the observations that Nymphoides is 
frequently found on locations which are regularly disturbed, such as for example 
the side channels and oxbow lakes in the vicinity of main river channels (Fig. 
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Table 1. Characteristics of varions life cycle phases ofNymphaea alba, Nuphar lutea 
and Nymphoides peltata. 
| Nymphaea alba Nuphar lutea 
— il 
Nymphoides peltata Ц 
У Regenerative phase 
Mode of dispersal 
{Chapter 2) 
Seed bank type 
{Chapter 3) 
Seed dormancy 
(Chapter 3 + 4) 
Seedlings 
(Chapter 3 + 5) 
- Hydrochory 
- Transient seed bank 
- Seeds dormant when relea­
sed 
- Cold stratification alleviates 
primary dormancy 
- Germination stimulated 
under anaerobic conditions 
- Germination stimulated by 
light and ethanol 
- A stimulating effect of 
ethylene but a low over-all 
germination in moist air 
- Subulate first leaf 
- Only underwater leaves 
- Very little oxygen loss by 
the roots 
- Presumably high prédation 
by herbivores 
- Hydrochory 
- Transient seed bank 
- Seeds dormant when relea-
sed 
- Cold stratification alleviates 
primary dormancy 
- Germination stimulated 
under anaerobic conditions 
- Germination stimulated by 
light and ethanol 
- A stimulating effect of 
ethylene but a low over-all 
germination in moist air 
- Subulate first leaf 
- Only underwater leaves 
- Very little oxygen loss by 
the roots 
- Presumably low prédation 
by herbivores 
- Hydrochory (incl. seedling 
dispersal) 
- Epizoochory 
- Persistent seed bank 
- Seeds dormant when released 
- Cold stratification alleviates 
primary dormancy 
- Germination only when 
sufficient oxygen is available 
- Germination stimulated by 
light and ethylene 
- Germination inhibited by 
ethanol 
- Only floating leaves 
- Very little oxygen loss by 
the roots 




with respect to 
anaerobios is' 
Physiological as-
pects with respect 
to anaerobiosis 
(Chapter 6 + 7) 
Occurrence in 
relation to water 
chemistry 
(Chapter 8 + 9) 
Flowering and seed 
production (Chap-
ter 5) 
- Elongation of petioles and 
peduncles upon submergen-
ce 
- Internal ventilation system; 
well developed root aeren-
chyma 
- High capability of ethanol 
fermentation 
- Six ADH-isoenzymes 
- Indifferent to water alka-
linity 
- No HCOj -use for photo-
synthesis 
- Average number of seeds: 
18,312 m 1 
- Elongation of petioles and 
peduncles upon submergen-
ce 
- Internal ventilation system; 
well developed root aeren-
chyma 
- High capability of ethanol 
fermentation 
- Seven ADH-isoenzymes 
- Mainly in water bodies 
with a high water alkalinity 
- No HCOj -use for photo-
synthesis 
- Average number of seeds: 
1,560 m 1 
- Strong elongation of petioles 
and peduncles upon submer-
gence 
- Internal ventilation system; 
well developed root aeren-
chyma 
- Moderate capability of etha-
nol fermentation 
- Three ADH-isoenzymes 
Only in water bodies with a 
high water alkalinity 
- No HCOj -use for photo-
synthesis 
Occurrence dependent on 
calcium availability 
- Average number of seeds: 
3,117 m-2 • 
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F/g. ƒ. Schematic presentation of the distribution of nymphaeids along the hydro-dynami 
gradient of an lowland river in The Netherlands. The arrows indicate an increase of 
specific factor along the cross-section. 1 = Solid line: organic sediment. Dashed lim 
sand/clay mixture. 2 = Locations where regular exposure of sediment to air occurs du 
to water level fluctuations. 
Seed bank type (Chapter 3) 
Grime (1979) and Thompson and Grime (1979) distinguish between seed banks 
because the seeds can have a short or a long life span (Fig. 2). The seeds with 
a short life span remain viable for at most a year and form a transient seed bank. 
This group can be further divided into a category of seed bank types from which 
the seeds germinate soon after release (type A) and a category of seed bank types 
of which the seeds need a cold stratification period and germinate in the subse-
quent growing season (type B). The seeds with a long life span can remain viable 
for a very long period. Within this category a distinction can be made between 
plant species which produce a small seed bank (type C) and plant species which 
produce a large seed bank (type D). 
If this classification is applied to the nymphaeid water plants it can be conclu-
ded that Nymphaea alba and Nuphar lutea produce a transient seed bank of type 
B. All seeds of these species germinate during the subsequent growth season 
whether they are buried in the sediment or not. The inability of Nymphoides to 
germinate under anoxic conditions prevents the germination of the seeds which 
are embedded in the anaerobic aquatic sediment but they remain viable. All seeds 
which come to the sediment surface in the aerobic water layer after bioturbation 
or disturbance of the sediment by wave action or water currents, will germinate 
and, therefore, the seed bank oí Nymphoides can be best designated as a persistent 
seed bank of type C. Plant species which produce a transient seed bank are able 
to colonize yearly occurring gaps in the vegetation caused by disturbance and 
plant mortality. All seeds which are produced within a season germinate after 
release or during the subsequent growth season. This is a strategy which is suc-
cessful in water bodies with low to moderate hydro-dynamics; these are the types 
of water bodies in which Nymphaea and Nuphar frequently occur (Fig. 1). On 
the other hand plant species which produce a persistent seed bank are able to 
regenerate after the established plants have disappeared due to disturbances which 
are unpredictable in time and place. In winter and spring when in the river area 
periods with high water spates occur, water currents can wash away the sediment 
including the established Nymphoides plants. However, due to erosion of the 
bottom a number of formerly buried seeds are exposed to the aerobic water layer 
which are then able to germinate. Therefore, in contrast to Nymphaea and Nuphar, 
Nymphoides is able to a rapid regeneration after an established stand has been 
washed away by high water spates. The production of a persistent seed bank 
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corresponds with the dynamic habitat of this plant species (Fig. 1). Additionally, 
established Nymphoides plants can also extent their area much faster due to run­
ners than Nymphaea and Nuphar with their thick slow growing rhizomes (van 
der Velde, 1980; Brock, 1985). 
Seed dormancy (Chapter 3 and 4) 
The seeds οι Nymphaea, Nuphar and most of the seeds of Nymphoides do not 
germinate after release (primary dormancy). It is avoided in this way that the 
seeds germinate under temporarily favourable conditions like a short period with 
higher temperatures during autumn and winter. During a cold stratification period, 
the seeds shift from a primary dormant phase to a non-dormant phase. In Chapter 
3 and 4 it was demonstrated that the seeds changing from dormancy to non-dor­
mancy pass through a phase of gradual transitions during which germination can 
be stimulated. The seeds are then called conditionally dormant (Baskin and Bas­
kin, 1985). 
Environmental factors such as temperature, oxygen and light control the germina­
tion process resulting in an early and massive germination on locations which 
are suitable for seedling development of the various plant species. 
In Chapter 4 a review is presented of the influence of a number of conditions 
or factors on the germination process of the three nymphaeid water plants studied. 
It was concluded that the germination process οι Nymphaea and Nuphar is attuned 
to the deeper, oxygen deprived parts of a water bottom with a low hydro-dynamic 
character, while the germination of Nymphoides is limited to the littoral, oxygena­
ted parts of a water bottom with a relatively high hydro-morphodynamic character. 
The germination studieshave provided important indications that the germ ¡nation 
process and the seed bank type can largely explain the distribution and zonation 
of these nymphaeid water plants (Fig. 1). In addition to the results obtained it 
is desirable to study the germination and seedling development along a depth 
gradient in several water bodies. 
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Fig. 2. Four seed bank types; Seed bank type A = seeds with a short life span. The seeds 
germinate straight after release; В = seeds with a short life span. Most seeds germinate 
after a winter period; С = seeds with a long life span. The total number of seeds is small. 
D = seeds with a long life span. The total number of seeds is large. Dotted area: If the 
seeds bank is sampled all the collected seeds germinate under favourable conditions in 
a glass house. Blanc area: If the seed bank is sampled only apart of the collected seeds 






Fig. 3. A) Morphological scheme of a dicotylous seedling (after Tillich, 1990). В) Seed­
ling ofNymphaea alba L. s = seed; rad = radicle; tub = tubercles; hyp = hypocotyl; 
co = cotyledon; ep = epicotyl; I, = subulate first leaf, l2, l¡ = second and third leaf; 2^ 
rt = secondary roots. (After Kirchner et al, 1927). 
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Seedlings (Chapter 3 en 5) 
There are distinct differences between the morphology of Nymphaea, Nuphar 
and Nymphoides seedlings. The seedlings of Nymphoides are provided with two 
seed lobes. If the conditions in the littoral are too dynamic (wave action, water 
currents) a large number of seedlings become detached from the sediment. In 
spring many floating seedlings oí Nymphoides can be observed along the water 
line. These floating seedlings are able to root again in shallow, less exposed parts 
of the water body so that apart from the seed dispersal also seedling dispersal 
contributes to an effective colonization of gaps in the aquatic vegetation. 
At first sight the seedlings of the Nymphaeaceae look more like seedlings of 
monocotyledons in stead of seedlings of dicotyledons. This is because of the 
presence of a subulate first leaf which resembles the coleoptile of the monoco-
tyledon seedling, and the virtual absence of seed lobes. This remarkable morpho-
logy has led to a long lasting debate with respect to the classification of these 
plants (cf. Kubitzki, 1972; Takhtajan, 1973; Haines and Lye, 1975; Hueber, 1977, 
1985; Dahlgren and Clifford, 1982). Recently Tillich (1990) demonstrated that 
the seedlings of the Nymphaeaceae have an anatomical scheme which is identical 
with that of the dicotyledons (Fig. 3). Based on these recent developments the 
descriptive term 'first leaf must be preferred for the term 'coleoptile' (Chapter 
4). Apart from the taxonomie discussions it is an interesting question why the 
Nymphaeaceae have developed a subulate first leaf. The function of this leaf 
becomes evident when the sediment type is considered in which most Nymphaea-
ceae root. This sediment type consists generally of a thick layer of organic sedi-
ment in which the seeds, despite of their size, easily subside. In this environment 
it is of importance that after germination the leaves can reach as soon as possible 
the water layer so that photosynthesis can commence. By means of a strong elon-
gation of both the mesocotyl and the subulate first leaf, a sediment layer of 5 -
6 cm can be easily penetrated (Chapter 3). It is important to notice that if the 
seeds oí Nymphoides were capable of anaerobic germination, an establishment 
of these seedlings on an organic sediment would still be unlikely because the 
morphology of the seedlings is not suitable to penetrate an organic sediment layer. 
Germination under anoxic conditions requires a large energetic investment which 
is only feasible if sufficient carbohydrates are available. The relatively large bio-
mass of the Nymphaea and Nuphar seeds compared to that of Nymphoides are 
in line with this. 
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The seedlings of Nymphaea and Nuphar produce during the first and second 
year exclusively underwater leaves. These underwater leaves are very thin so that 
the exchange of dissolved gas between leaf and water layer proceeds efficiently. 
Apparently, the oxygen requirement of the small underground parts of the seed-
lings can be supplied by diffusion processes only, because the internal ventilation 
system functions only when floating leaves are present (see below; 'Established 
phase'). The underwater leaves desiccate in air and thus the mortality of seedlings 
which grow in the littoral zone where the water level strongly fluctuates, will 
be high. After the plants have gained enough biomass floating leaves are produ-
ced; these leaves have a cuticle and a thick hydrophobic wax layer on the upper 
side which prevents desiccation. Nymphoides does not produce real submerged 
leaves (in autumn and winter very small leaves are developed which remain sub-
merged), but develops only small floating leaves (Van der Velde, 1980). Also 
the small floating leaves of the Nymphoides seedlings are able to elongate when 
submersed, so that a sudden elevation of the water level can be followed. The 
production of the desiccation tolerant floating leaves can also be interpreted as 
an adaptation of this plant to the shallow water layer in the littoral zone. Due 
to the desiccation sensitive underwater leaves of the Nymphaea and Nuphar seed-
lings a successful establishment of these plant species will be limited to the deeper 
zones of a water body (Fig. 1). 
Grazing can have a large impact on the aquatic vegetation. A number of food 
choice experiments showed that Lymnaea stagnalis (L.) prefers the seedlings of 
Nymphaea above the Nuphar seedlings and leaves of three Potamogetón species. 
Nuphar seedlings are hardly eaten by this snail. These results indicate that the 
mortality of the Nymphaea seedlings caused by grazing of L. stagnalis will be 
larger than for those of Nuphar. The same is found for Nymphoides seedlings, 
thus also in the case of this species a high mortality due by L. stagnalis grazing 
can be expected. 
Established phase 
Anatomical adaptations to anoxia (Chapter 6) 
All aquatic macrophytes and wetland species have a well developed aerenchyma 
or the ability to develop such an aerenchyma. The aerenchyma facilitates the 
supply of oxygen to, and the removal of C02 and other volatile products of respi-
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ration from the roots which are buried in the anaerobic sediment. The speed of 
the gas diffusion depends partly on the proportions of the aerenchyma. In Chapter 
6 the root porosity of the nymphaeid water plants was compared with the root 
porosity of a group of water plants which primarily root in oxidative sediments 
(viz. Littorella uniflora (L.) Aschers., Luronium natans (L.) Raf. and Isoetes 
lacustrisL.). It appeared that the nymphaeid water plants had a larger root porosi­
ty than the representatives of the other group (Table 1 ). Apart from this difference 
it also appeared that the radial oxygen loss (ROL) of the roots of the nymphaeid 
water plants was limited to the root tips while the roots of Littorella uniflora, 
Luronium natans and Isoetes lacustris, leak oxygen over the whole root length 
and function as oxygen pumps in the sediment. 
Another adaptation to the oxygen deprived sediments is that the full-grown Nymp-
haea, Nuphar and Nymphoides plants have developed an internal ventilation sy­
stem which increases the supply of oxygen and the removal of volatile respiratory 
products like carbon dioxide and ethanol. The Nymphaea and Nuphar seedlings, 
which have only underwater leaves, lack this ventilation system. Apparently the 
oxygen consumption of the small roots can be equalized by the diffusion of 
oxygen, and is an internal ventilation system not a prerequisite for survival during 
this phase of the life cycle. Crawford et al. (1987) demonstrated the importance 
of a circulating atmosphere which can remove volatile respiratory products which 
are generated by the plant tissue during anaerobiosis. He found that the damage 
to the roots of both Cicer arietinum L. and Glyceria maxima (Hartm.) Holmberg 
was larger when the plant material was incubated in a static anaerobic atmosphere 
than in a circulating anaerobic atmosphere. 
Physiological adaptations to anoxia (Chapter 6 + 7) 
Apart from anatomical differences also metabolical differences exist between 
the nymphaeids and Littorella, Luronium and Isoetes (Table 1 ). In literature much 
attention has been given to ethanol fermentation which enables the roots to tolera­
te hypoxia (Wignarajah et al., 1976; Roberts et al., 1984a,b; ар Rees et al., 1987; 
Mendelssohn and McKee, 1987; Good and Crosby, 1989). However, it is not 
clear to what extent alcoholic fermentation contributes to the tolerance of the 
complete plant to root hypoxia (ap Rees et al., 1987; Roberts et al., 1989). 
Nymphaea and Nuphar have a greater capacity to produce ethanol under anoxia 
than Littorella uniflora, Luronium natans and Isoetes lacustris. The ethanol produ-
cing capacity of the Nymphoides roots is intermediate between that of these two 
groups of macrophytes. 
Crawford et al. (1987) suggested that the toxic effect of anaerobiosis is caused 
by the oxidation of ethanol after that the contact with the air is restored, rather 
than by the accumulation of ethanol. In the post-anoxic phase accumulated ethanol 
is converted by the enzyme catalase in acetaldehyde. Acetaldehyde oxidizes lipids 
so that the membranes of the plant cell disintegrate. The authors demonstrated 
that three anoxia intolerant plant species develop a high catalase activity during 
the post anoxic phase, while three anoxia tolerant species developed a low catalase 
activity under these conditions. In view of these results it would be interesting 
to compare the catalase activity of the nymphaeids with that ofLittorella uniflora, 
Luronium notons and Isoetes lacustris. The study of Crawford et al. (1987) emp-
hasizes the importance of including the morphology of the whole plant and the 
post-anoxic metabolism in determining the anoxia tolerance of plant species. 
An interesting, but complex question is how the roots of Nymphaea and Nuphar 
can produce such high quantities of ethanol during oxygen stress. The ethanol 
production is catalysed by the enzyme alcohol dehydrogenase (ADH). A number 
of ADH-isoenzymes can be produced and each isoenzyme has its own kinetic 
characteristics under certain physico-chemical conditions like pH, temperature 
and substrate affinity. During anaerobiosis a number of these parameters can vary. 
Theoretically this implies that a plant cell having a large number of ADH-isoenzy-
mes should be able to maintain a high ethanol production level under varying 
internal conditions. This has led to our hypothesis that water plants with a high 
ethanol production capacity are provided with a large number of ADH-isoenzy-
mes. In Chapter 7 the number of ADH-isoenzymes of the nymphaeids and Litto-
rella uniflora, Luronium natans and Isoetes lacustris was determined after an 
aerobic and anaerobic pre-incubation. It appeared that Nymphaea alba and Nuphar 
lutea had a larger number of ADH-isoenzymes than Luronium natans and Isoetes 
lacustris (Table 1). Nymphoidespeltata and Littorella uniflora had an identical 
number of ADH-isoenzymes intermediate between the above mentioned groups, 
while the ethanol production capacity of these two plant species differs. 
Kennedy et al. (1987) did not find any relation between the number of ADH-
isoenzymes and the anoxia tolerance of a number of rice weeds {Echinochloa 
species). However, under anoxic conditions an increased ADH activity did relate 
with a newly synthesized ADH-isoenzyme. The authors came to the conclusion 
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that not the number of ADH-isoenzymes, but the induced ADH-isoenzymes deter-
mine the ethanol fermentation capacity and thus the anoxia tolerance of a plant 
species. In this study no terrestrial plants were used and of all the water plant 
species studied here, only Isoetes lacustris produced a new ADH-isoenzyme under 
anaerobic conditions. The number of ADH-isoenzymes of the other water plant 
species after an aerobic or anaerobic pre-incubation remained identical. Additional 
studies with respect to the numbers and induction of ADH-isoenzymes of other 
water plant species which root in oxidative or anoxic sediment types can provide 
further insight into the role of ADH-isoenzymes in anaerobiosis. J.B. Muntendam 
(personal comm., Department of Ecology, Laboratory of Aquatic Ecology, Catho-
lic University of Nijmegen, The Netherlands) examined the number of ADH-
isoenzymes of the roots collected from a large number ofNymphaea alba popula-
tions. The same electrophoresis technique was used as described in Chapter 7 
but the plant material which was used was not aerobically or anaerobically prein-
cubated before analysis. He found that in at least 50 of 72 sampled populations 
(69.4 %) 6 ADH-isoenzymes were produced. 
Considering the anatomical and physiological characteristics of the roots of Nymp-
haea, Nuphar and Nymphoides it can be concluded that these macrophytes are 
well adapted to root anoxia. 
As for the nymphaeid macrophytes, it is also interesting to consider the anato-
mical and metabolical characteristics of Littorella uniflora, Luroniumnatans and 
Isoetes lacustris in relation to their habitat which is low in nutrients and dissolved 
inorganic carbon (Nygaard, 1965; Wium-Andersen and Andersen, 1972;Roelofs, 
1983). Littorella uniflora and Isoetes lacustris are macrophytes with an isoetid 
growth form i.e. slow-growing evergreens with short, stiff leaves and a proporti-
onally large root biomass. Luronium natans produces lanceolate underwater leaves 
and small floating leaves (parvo-nymphaeid growth form). All these plant species 
grow in weakly buffered, low productive water bodies and are not confronted 
with an anaerobic substrate but with nutrient stress and low inorganic carbon 
content. The growth form of these macrophytes, the high oxygen release by the 
roots and their enzymatic apparatus are directed to cope with a permanent shortage 
of inorganic carbon in particular (Table 2). 
The gas lacunae in the leaves of the isoetids make an efficient recycling of respi-
ratory C02 possible (Sondergaard and Sand-Jensen, 1979). During photosynthesis 
the roots of these plants leak oxygen stimulating the microbial production of C02 
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which can be assimilated by the plant (Sand-Jensen et al., 1982). Boston and 
Adams (1987) have determined the ability of a number of isoetid species to use 
root zone C02. Carbon dioxide in the sediments accounts for 65 - 95 % of the 
carbon uptake for a number of macrophytes including Littorella uniflora var. 
americana (Fern.) Gl. and Isoetes macrospora Durieu. Luronium natans does 
not have the subulate leaves but produces besides lanceolate submersed leaves 
also small floating leaves so that apart from dissolved carbon also atmospheric 
carbon can be assimilated. 
The discovery that Littorella uniflora and Isoetes howellii L. accumulate much 
of the inorganic carbon used for photosynthesis by Crassulacean Acid Metabolism 
(CAM) was spectacular (Keeley and Busch, 1984; Boston and Adams, 1986). 
Formerly the CAM-metabolism in which carbon is captured in the dark and stored 
as malic acid for use in photosynthesis the following day, was considered as a 
typical metabolical adaptation of terrestrial plants of arid habitats which are con-
fronted with permanent water stress. After the discovery of CAM-metabolism 
in the isoetid species it appeared that these macrophytes applied this biochemical 
pathway for an efficient use of inorganic carbon. Taking the habitat and growth 
form characteristics of both nymphaeids and isoetids into consideration some 
deductions can be made which can explain the distribution and zonation of these 
water plants (Fig. 4). Nymphaea and Nuphar occur in both nutrient rich, well-
buffered waters as well as in oligotrophic, weakly buffered waters. Nymphoides 
occurs only in well-buffered, calcium rich waters. As Nuphar is more tolerant 
to wave action than Nymphaea, this species occurs more frequenty in more expo-
sed locations than Nymphaea. In both water types accumulation of organic materi-
al occurs in the deeper parts. On these locations the sediment is anoxic due to 
microbial processes. Only Nymphaea and Nuphar are morphologically and physio-
logically adapted to this substrate. The distribution oí Littorella, Luronium and 
Isoetes is limited to oligotrophic, soft waters where the sediment has an oxidative 
character. Both Littorella and Luronium have an amphibious character; these 
plants are able to produce leaves which have a higher tolerance with respect to 
desiccation and are found in the upper zone of the littoral. Isoetes grows in the 
deeper parts and does not tolerate emergence. 
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Fig. 4. A schematic presentation of the distribution and zonation of the nymphaeidma-
crophytes and of Littorella uniflora, Luronium natans andlsoetes lacustris in relation 
to environmental conditions. 
A = Oligotrophic, weakly buffered waters. В = Meso-eutrophic, well-buffered waters. 
The arrows indicate an increase of a specific factor along the cross-
section. 1 = Solid line: organic sediment. Dashed line: in soft waters (A) mainly sand 
in meso-eutrophic waters (B) mainly sand/clay mixture. 2 = Locations where regular 
exposure of sediment to air occurs due to water level fluctuations. 
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Table 2. Various functions of anatomy and physiological characteristics of a number of 
















chyma (Chapter JO) 
Gas permeability of 
the roots 
(Chapter 6 + JO) 
- Uptake of atmos-
pheric carbon by 
floating leaves 
- Root porosity 
relatively large 
- Internal ventilation 
system; supply of 
02 to the roots and 
removal of volatile 
products of anae-
robios is 
- Very limited; al-
most no loss of 
oxygen to the 
anaerobic root 
environment 
- Uptake of atmosp-
heric carbon by 
floating leaves 
- Root porosity 
relatively small 
- Internal ventilation 
system; not known 
- High gas permeabi-
lity; oxygen release 
by the roots stimu-
lates microbial 
respiration. Uptake 
of C02 by the 
roots not investiga-
ted 
- Recycling of respi-
ratory C02 
- Root porosity 
relatively small 
- High gas permea-
bility: oxygen 








of the roots. 
(Chapter 6 + JO) 
Type of C-fixation 
(Chapter JO) 
- High ethanol pro-
ductivity to provide 
the plant cell with 
energy during anae-
robiosis 
- Probably Cj 
pathway. No speci-
al processes known 
- Low ethanol pro-
ductivity during 
anaerobiosis 
- Probably C¡ 
pathway. No speci-
al processes known 




fixation of C02 du-
ring the dark 
period 
1 TO 
Occurrence in relation to water chemistry (Chapter 8 en 9) 
Apart from the sediment type the water chemistry plays also an important part 
in the distribution of water plant species. One of the most important parameters 
in water chemistry is the total amount of inorganic carbon and the carbon dioxide 
equilibrium. In contrast to the terrestrial habitat the availability and the speed 
by which inorganic carbon can be taken up by the leaves is often a growth limi-
ting factor. Many aquatic macrophytes have adapted themselves to these conditi-
ons and are, apart from the uptake of carbon dioxide, capable of bicarbonate use 
for photosynthesis. The occurrence of these macrophytes is strongly related to 
waters with a high bicarbonate content. Almost all well-buffered waters in the 
Netherlands are of the calcium bicarbonate type (De Lyon and Roelofs, 1986). 
In these waters the water alkalinity is approximately equivalent with the concen-
tration of bicarbonate. By monitoring the aquatic vegetation of a large number 
of locations it appeared that Nuphar and Nymphoideshad their optimum of occur-
rence in waters with a relatively high water alkalinity (« concentration of bicarbo-
nate). There was no correlation between the frequency of occurrence of Nymphaea 
and the water alkalinity. In contrast to the expectations it was demonstrated in 
Chapter 8 that the submerged leaves as well as the floating leaves of Nymphaea, 
Nuphar and Nymphoides can not use bicarbonate for photosynthesis. These nymp-
haeids are fully dependent on atmospheric and dissolved C02. Also the recycling 
of respiratory C02 which is supplied by the internal ventilation system can provide 
an important inorganic carbon source. Thus, the observed difference between 
Nuphar, Nymphoides and Nymphaea with regard to the frequency of occurrence 
in waters with various water alkalinity is not based on a differential ability to 
use bicarbonate for photosynthesis. In general the nutrient concentration of the 
well-buffered waters is higher than that of the weakly buffered and acid waters 
and therefore it is also possible that the high frequency of occurrence of Nuphar 
and Nymphoides in well-buffered waters is also based on a larger availability of 
nutrients. Within this view it is interesting to note that Hutchinson (1975) who 
compared several data that exist on the phosphorus contents of the leaves of 
Nymphaea odorata Ait. and Nuphar advena (Ait.) Ait. f., found that those of 
Nymphaea odorata contains less phosphorus than those of Nuphar advena do, 
even when the two species were growing in the same water. In addition, Van 
der Velde et al. (1986) found relatively high concentrations of phosphate and 
nitrate in the water layer and in the interstitial water where Nuphar lutea and 
Nymphoidespeltata occurred, in contrast to most Nymphaea alba habitats. Th 
suggests that the distribution of Nuphar and Nymphoides is more related to tr 
nutrient availability than to the availability of inorganic carbon. Also the impo 
tance of other factors which are related to high alkalinity (e.g. dissolved calciui 
and magnesium) needs to be investigated. Within this scope the importance ( 
calcium for the growth of Nymphoides was examined (Chapter 9). 
Despite of the fact that a massive germination of Nymphoides seeds is possib 
in weakly buffered and acid waters, this plant does not occur in these water 
Culture experiments in the laboratory and in the field demonstrated that the avail· 
bility of calcium is essential for the leaf production and that the low calciui 
concentration in the water layer in soft and acid waters explains its absence froi 
these waters. 
The morphological and physiological characteristics of the seeds, seedlings ar 
full grown nymphaeid macrophytes can be considered to be adaptations for copir 
with their specific environmental stress factors and from this point of view tr 
success of these plant species in their respective habitats can be explained. Al; 
the successofa group of aquatic macrophytes occurring in a contrasting habita 
Littorella uniflora, Luronium natans and Isoetes lacustris, can be explained с 
the basis of morphological and physiological characteristics. The findings descr 
bed in this thesis emphasize the importance of a multidisciplinary, life cycle ц 
proach in ecophysiological studies. 
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OECOFYSIOLOGISCHE STUDIES AAN 
NYMPHAEIDE WATERPLANTEN 
SAMENVATTING 
"Oecofysiologische studies aan nymphaeide waterplanten" 
Inleiding 
Nederland is een waterrijk land. Het vormt de delta van de drie Rijntakken 
(Waal, Rijn, IJssel) en de Maas. Niet alleen in het rivierengebied maar ook bin-
nendijks zijn er vele wateren in de vorm van meren, sloten, vaarten en vennen 
aanwezig. In al deze wateren spelen waterplanten een cruciale rol. Ze vormen 
de voedselbron, schuilplaats of voortplantingsplaats van een groot aantal organis-
men die geheel of gedurende een bepaalde fase van hun levenscyclus aan het 
water zijn gebonden. 
Alhoewel de kennis met betrekking tot het belang van waterplanten voor organis-
men omvangrijk is, is het inzicht in de mechanismen die aan de verspreiding en 
zonering van waterplanten ten grondslag liggen beperkt. In dit proefschrift worden 
de resultaten beschreven van een aantal oecologische en oecofysiologische experi-
menten die zijn opgezet om dat inzicht voor drie algemeen voorkomende nymp-
haeide waterplanten in Nederland te vergroten. Deze waterplanten zijn: Nymphaea 
alba L. (Witte Waterlelie), Nuphar lutea (L.) Sm. (Gele Plomp) en Nymphoides 
peltata (Gmel.) O. Kuntze (Watergentiaan). 
Nymphaea alba en Nuphar lutea worden vaak in zwakstromende en stilstaande 
wateren aangetroffen wortelend in een sediment met een hoog organisch stofgehal-
te. Opvallend daarbij is dat Nymphaea alba meestal op de beschutte plaatsen en 
Nuphar lutea op de wat meer geëxponeerde lokaties groeit. Nymphoides peltata 
is met name in het rivierengebied en in vaarten en kanalen te vinden en wortelt 
in een kleiachtig substraat op ondiepe plaatsen. In tegenstelling tot Nymphaea 
alba en Nuphar lutea komt deze waterplant niet in de vennen op de voedselarme 
zandgronden voor. 
In de levenscyclus van een plant zijn twee verschillende fasen met daarbij beho-
rende stadia te onderscheiden; de koloniserende en/of regeneratieve fase met de 
stadia zaadverspreiding, kiemrust, kieming en vestiging en de gevestigde fase 
met de stadia vegetatieve groei, bloei en zaadproduktie. Het "succes" van de plant 
wordt bepaald door het verloop van de gehele levenscyclus. Omdat de stadia van 
de levenscyclus door zowel de biotische als a-biotische omstandigheden verschil-
lend beïnvloed kunnen worden is het wenselijk om in een studie gericht op de 
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verspreiding en zonering van waterplanten alle stadia van de levenscyclus te be-
schouwen. 
De koloniserende en/of regeneratieve fase 
Zaadverspreiding (Hfdst. 2). 
In tegenstelling tot landplanten vindt er bij waterplanten in het algemeen geen 
zaadverspreiding via de wind plaats. Nadat de zaden van Nymphaea alba, Nuphar 
lutea en Nymphoidespettata uit de vrucht zijn vrijgekomen blijven de zaden een 
tijd op het wateroppervlak drijven zodat verspreiding via het water kan plaatsvin-
den. De zaden van Nuphar lutea zijn omgeven door vruchtweefsel wat op het 
wateroppervlak blijft drijven. Bij Nymphaea alba zijn de zaden omringd door 
een met gas gevuld vlies, de arillus. Het drijfvermogen van de zaden van Nymp-
hoides pettata wordt veroorzaakt door een waterafstotende laag waarmee de zaden 
zijn bedekt en door uitsteeksels (trichomen) die zich aan de randen van de zaden 
bevinden. Deze trichomen verdelen de druk op het wateroppervlak zodat de zaden 
door de oppervlaktespanning van het water worden gedragen. De zaden van Nym-
phoides pettata blijven het langst drijven zodat het verspreidings-areaal groot 
kan zijn. 
Worden de zaden van Nymphaea alba, Nuphar lutea en Nymphoides pettata 
door watervogels (eend en meerkoet) en vissen (karper) gegeten dan worden ze 
volledig verteerd zodat verspreiding van door dieren gegeten zaden (endozoöchore 
verspreiding) niet zal plaatsvinden. De kans dat de bolronde, gladde zaden van 
Nymphaea alba en Nuphar lutea die tevens gevoelig zijn voor uitdroging, op 
een succesvolle manier aan de buitenzijde van het verenpak van watervogels 
blijven kleven lijkt klein. De platte, uitdrogings-ongevoelige zaden \as\Nymphoi-
despettata hebben een geschikte vorm om aan watervogels te blijven kleven en 
kunnen zo verspreid worden (ectozoöchore verspreiding). 
Het grotere drijfvermogen en de ectozoöchore verspreiding van de Nymphoides 
pettata zaden kunnen ervoor zorgen dat Nymphoides pettata gemakkelijker dan 
Nymphaea alba en Nuphar lutea lokaties kan koloniseren en is in overeenstem-
ming met het pionierskarakter van deze plant. 
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Kieming, zaadvoorraadvorming en zaailingen (Hfdst. 3, 4 en 5). 
De zaden van Nymphaea alba, Nuphar lutea en Nymphoidespettata zijn dormant 
nadat ze vrijkomen uit de vrucht. Na een koude stratificatieperiode kunnen de 
zaden bij hogere temperaturen tot kieming worden aangezet. Specifieke omstan-
digheden kunnen de kieming stimuleren of remmen. Zo wordt de kieming van 
Nymphaea alba en Nuphar lutea door een lage zuurstofspanning of zelfs door 
zuurstofloosheid gestimuleerd. De kieming die onder anaerobe omstandigheden 
plaatsvindt verbruikt veel energie (fermentatie-proces) en kan alleen plaatsvinden 
als er voldoende koolhydraten in het zaad beschikbaar zijn. Dit komt overeen 
met de relatief grote zaden van Nymphaea alba en Nuphar lutea. De zaden van 
Nymphoidespeltata daarentegen kiemen niet onder zuurstofloze condities. Licht 
stimuleert het kiem ingsproces van de Nymphaea alba, Nuphar lutea en Nymphoi-
des peltata zaden. De zaden van al deze drie nymphaeide waterplanten kiemen 
zowel in zure als in alkaliene wateren. 
Deze kiemings-karakteristieken zijn bepalend voor het verschijnen van de zaailin-
gen in ruimte en tijd. Massale kiem ing van Nymphaeaalba en Nupharlutea zaden 
zal optreden in en vlak boven een organische bodem waar zuurstofloosheid heerst. 
De plaatsen met een organische bodem zijn meestal beperkt tot de diepere delen 
van een water en daar zal men vele zaailingen van Nymphaea alba en Nuphar 
lutea aantreffen. Op die plaatsen waar relatief veel licht tot op de waterbodem 
kan doordringen wordt de kieming extra gestimuleerd en is de kans het grootst 
dat de zaailingen het snelst kunnen groeien in een seizoen. Uiteindelijk zullen 
alle zaden van Nymphaea alba en Nuphar lutea na een winterperiode in één sei-
zoen kiemen zodat dus alleen sprake is van de vorming van een transiente zaad-
voorraad. 
De zaden van Nymphoides peltata kiemen alleen als ze op het sediment terecht 
zijn gekomen waar voldoende zuurstof aanwezig is voor het kiemingsproces. Dat 
betekent dat de kiem ing van Nymphoides peltata voornamelijk plaatsvindt in het 
littoraal of langs geulen waar de golfslag of de waterstroming de zaden kan bloot-
leggen. Op dit soort standplaatsen wordt Nymphoides peltata dan ook hoofdza-
kelijk aangetroffen. Daar de zaden \anNymphoidespeltataa\e, in het zuurstofloze 
sediment zijn begraven niet kunnen kiemen wordt er een persistente zaadvoorraad 
gevormd. 
Planten met een transiente zaadvoorraad (waaronder Nymphaea alba en Nuphar 
lutea) produceren per groeiseizoen vele zaailingen zodat de kans groot is dat de 
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open plekken die in de vegetatie ontstaan door sterne en verstoring kunnen wor-
den gekoloniseerd, een strategie die het meest succesvol is in wateren met een 
geringe hydro-dynam iek. Dit zijn de typen wateren waar Nymphaea alba en Nup-
har lutea het meest frequent worden aangetroffen. Plantesoorten die een persisten-
te zaadvoorraad vormen zijn in staat om nadat de volwassen planten door versto-
ringen zijn verdwenen zich (relatief) snel via de zaadvoorraad te herstellen. Tij-
dens de winter en in het voorjaar wanneer er in het rivierengebied perioden met 
hoge waterafvoer voorkomen, treden sedimentverplaatsingen op als gevolg van 
de sterke stromingen. Op deze momenten kan een groot gedeelte van de waterve-
getatie worden weggespoeld. Door de bodemerosie die dan tegelijkertijd optreedt 
komen begraven zaden weer in contact met de zuurstofrijke waterlaag zodat een 
herstel van de vegetatie weer via zaailingen kan plaatsvinden. Dat is de reden 
waarom Nymphoidespeltata in tegenstell ing tot Nymphaea alba en Nuphar lutea 
in staat is tot een snelle regeneratie nadat gevestigde planten door verstoring zijn 
verdwenen. Samengevat kan men concluderen dat het kiem ingsproces van Nymp-
haea alba en Nuphar lutea is afgestemd op de diepere, zuurstofarme gedeelten 
van een waterlichaam met een lage hydro-dynamiek. Het kiemingsproces van 
Nymphoidespeltata daarentegen beperkt zich tot de littorale delen van een waterli-
chaam met een relatief hoge hydro-dynamiek. De hier beschreven kiemingsstudies 
leveren een aantal belangrijke aanwijzingen op dat de kiemingsomstandigheden 
grotendeels bepalen op welke lokaties nymphaeiden zich kunnen vestigen. 
Niet alleen het kiemingsproces van Nymphaea alba en Nuphar lutea is aangepast 
aan de zuurstofloze condities in een organische bodem maar ook de bouw van 
de kiemplant. Ondanks het feit dat Nymphaea alba, Nuphar lutea en Nymphoides 
pettata allen dicotyle planten zijn lijkt de bouw van de zaailingen van Nymphaea 
alba en Nuphar lutea op die van monocotyle kiemplanten. De twee lobben die 
deze zaden produceren blijven in de zaadhuid steken waarna eerst een priemvor-
mig blad die gemakkelijk de zachte, organische bodem kan penetreren wordt 
gevormd. Vervolgens worden de ovaalvormige onderwaterbladeren geproduceerd. 
De zaailingen van Nymphaea alba en Nuphar lutea produceren gedurende de 
eerste jaren uitsluitend onderwaterbladeren die gevoelig zijn voor uitdroging. De 
zaailingen van Nymphoidespeltata produceren kleine drijfbladeren. Deze drijf-
blaadjes zijn minder gevoelig voor uitdroging. In het veld zou dat betekenen dat 
de Nymphaea alba en Nuphar lutea zaailingen die zich in het littoraal bevinden 
waar de waterstanden fluctueren een hoge mortaliteit hebben terwijl de zaailingen 
van Nymphoidespeltata onder deze omstandigheden een grotere kans van overle-
ven hebben. Door de uitdrogingsgevoeligheid van de Nymphaea alba en Nuphar 
lutea zaailingen zal succesvolle vestiging zich beperken tot de diepere plaatsen 
in een waterplas. 
Begrazing kan de aquatische vegetatie sterk beïnvloeden. In een aantal voedsel-
keuze-experimenten bleek dat Lymnaea stagnalis (Poelslak) een voorkeur heeft 
voor de zaailingen van Nymphaea alba in vergelijking tot Nuphar lutea zaailingen 
en de bladeren van enkele fonteinkruidsoorten. Deze herbivore slak mijdt de 
Nuphar lutea zaailingen als voedselbron. De resultaten geven aan dat hierdoor 
de mortaliteit van de Nymphaea alba zaailingen groter is dan die van de Nuphar 
lutea zaailingen. 
Gevestigde fase 
Morfologische aanpassingen aan anoxie (Hfdst. 6). 
Bij planten die in een waterbodem wortelen speelt de zuurstofvoorziening van 
het wortelstelsel een belangrijke rol. De wortels van vrijwel alle waterplanten 
en helofyten bevatten luchtruimten in de cortex (aerenchym). Zijn deze luchtruim-
ten omvangrijk (grote wortelporositeit) dan verloopt de gasdiffusie gemakkelijker. 
Uit een vergelijkend onderzoek blijkt dat de nymphaeide waterplanten Nymphaea 
alba, Nuphar lutea en Nymphoidespeltata een hogere wortelporositeit hebben 
dan Littorella uniflora, Luronium natans en Isoetes lacustris, waterplanten die 
karakteristiek zijn voor mineraal sediment met een oxidatief karakter. Daarnaast 
blijkt dat de wortels van Nymphaea alba, Nuphar lutea en Nymphoidespeltata 
alleen aan de worteltoppen zuurstof naar de omgeving lekken terwijl de wortels 
van de hierbovengenoemde waterplanten die in een minerale waterbodem wortelen 
beschouwd kunnen worden als zuurstofpompen voor het sediment. 
Niet alleen de toevoer van zuurstof maar ook de afvoer van respiratoire produkten 
zoals C02 en ethanol is van belang onder hypoxia. De nymphaeide waterplanten 
hebben dankzij hun drijfbladeren een temperatuursverschillen gedreven ventilatie-
systeem wat voor een constante luchtstroom zorgt van de jonge bladeren via het 
rhizoom naar de oudere bladeren. De relatief grotere wortelporositeit, de minimale 
zuurstoflekkage van de wortels naar de omgeving en het ventilatiesysteem van 
de nymphaeiden kunnen als morfologische aanpassingen beschouwd worden aan 
een zuurstofloze rhizosfeer. 
Fysiologische aanpassingen aan anoxie (Hfdst б en 7). 
Naast deze morfologische verschillen zijn er ook fysiologische verschillen tussen 
de nymphaeide waterplanten en de waterplanten die in een minerale bodem worte­
len {Littorella uniflora, Luronium natans en Isoetes lacustris). 
Het weefsel van alle planten is obligaat aëroob. Dat betekent dat aanpassingen 
voor de langere termijn aan een lage zuurstofspanning van het wortelmilieu ge-
zocht moeten worden in morfologische aanpassingen die ervoor zorgen dat de 
aerobe ademhaling van het wortelstelsel gehandhaafd kan blijven. Dergelijke 
morfologisch aanpassingen zijn de reeds genoemde wortelporositeit en het interne 
ventilatiesysteem. Echter, in de levenscyclus van waterplanten zijn er perioden 
dat deze morfologische adaptaties niet kunnen werken bijv. bij de zaadkieming 
en bij het uitlopen van de rhizomen na de winterrust. Ook tijdens het dag-nacht-
ritme kunnen er momenten zijn dat de zuurstofvoorziening van het wortelstelsel 
stagneert Voor deze perioden van zuurstofgebrek kunnen metabolische aanpassin-
gen een oplossing bieden. Onder hypoxische of anoxische omstandigheden kunnen 
plantencellen tot alcoholfermentatie overgaan om de cel van energie te voorzien. 
Uit een vergelijkend onderzoek blijkt dat de wortels van Nymphaea alba en 
Nuphar lutea onder hypoxische of anoxische condities relatief meer ethanol produ-
ceren dan de wortels van Littorella uniflora, Luronium natans enlsoetes lacustris. 
Het ethanol producerend vermogen van de wortels van Nymphoidespeltata neemt 
een intermediaire positie in. Deze intermediaire positie wordt ook weerspiegeld 
in de standplaats van Nymphoidespeltata. Nymphoidespeltata is een nymphaeide 
waterplant van het littoraal waar zich minder organisch stof in het sediment kan 
accumuleren door de daar aanwezige hydro-dynamiek dan in de meer centrale 
delen van het water waar Nuphar lutea en Nymphaea alba frequent kunnen wor-
den aangetroffen. De soorten waterplanten die op minerale zuurstofrijke waterbo-
dems groeien waar zuurstoflimitatie van het wortelstelsel niet zal optreden hebben 
het geringste vermogen om de alcoholfermentatie aan te wenden. 
Een interessante maar gecompliceerde vraag is waarom Nymphaea alba, Nuphar 
lutea en in mindere mate Nymphoidespeltata tot een relatief hoge alcoholfermen-
tatie in staat zijn. De alcoholproduktie wordt gekatalyseerd door het enzym alco-
hol-dehydrogenase (ADH). Planten kunnen verschillende ADH-isoenzymen produ-
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cereri met unieke kinetische eigenschappen onder bepaalde fysisch-chemische 
condities zoals pH, temperatuur en substraat-affiniteit. Tijdens de anaerobiosis 
kunnen een aantal van deze parameters tegelijkertijd veranderen. Theoretisch zou 
dat betekenen dat een plantecel met een groot aantal ADH-isoenzymen beter in 
staat zou zijn om een hoge alcoholproduktie te handhaven onder condities waar 
het interne milieu aan veranderingen onderhevig is. Dit heeft tot de hypothese 
geleid dat waterplanten met een hoge alcoholproduktie van een relatief groter 
aantal ADH-isoenzymen moeten zijn voorzien. Uit een vergelijkende studie bleek 
inderdaad dat Nymphaea alba en Nuphar lutea een groter aantal ADH-isoenzymen 
hebben dan Nymphoidespettata, Littorella uniflora, Luronium natans en Isoetes 
lacustris. Echter, het aantal ADH-isoenzymen van Nymphoidespeltata en Littorel-
la uniflora is gelijk terwijl de ethanol-produktiecapaciteit tussen deze plantesoorten 
verschilt. Veel meer soorten planten zouden in een dergelijk vergelijkend onder-
zoek moeten worden betrokken voordat er uitspraken gedaan kunnen worden over 
een correlatie tussen het aantal ADH-isoenzymen en een anaerobe rhizosfeer. 
Voorkomen in relatie tot waterchemie (Hfdst. 8 en 9). 
Naast het type sediment is ook de waterchemie bepalend voor het al dan niet 
voorkomen van waterplanten. Omdat de opname van anorganisch koolstof in water 
niet zo snel kan verlopen als in de lucht is de totale hoeveelheid anorganisch 
koolstof en het C02-evenwicht een belangrijke chemische parameter. Van een 
groot aantal waterplanten waarvan het verspreidingspatroon een duidelijke correla-
tie heeft met het bicarbonaat-gehalte van het water is vastgesteld dat deze bicarbo-
naat voor de fotosynthese kunnen gebruiken. Ook de standplaatsen van Nuphar 
lutea en Nymphoides peltata hebben een duidelijke correlatie met de hoeveelheid 
bicarbonaat in het water en er werd in eerste instantie dan ook vanuit gegaan 
dat voor de fotosynthese van deze planten bicarbonaat een belangrijke koolstof-
bron zou zijn. Door middel van pH-drift experimenten is echter aangetoond dat 
zowel Nymphaea alba, Nuphar lutea als Nymphoides peltata niet in staat zijn 
om bicarbonaat op te nemen. De correlatie van de standplaatsen van Nuphar lutea 
en Nymphoides peltata met het relatief hoge bicarbonaatgehalte is dus op andere 
factor(en) gebaseerd dan op het bicarbonaatgehalte van het water. De relatief hoge 
nutrientenconcentraties van sterk gebufferde wateren zouden hier mogelijk een 
belangrijke rol kunnen spelen. Voor Nymphoides peltata is echter aangetoond 
dat een andere parameter die sterk gekoppeld is aan de water-alkaliniteit n.l. het 
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calciumgehalte van het water van cruciaal belang is bij de bladproduktie. Bij zeer 
lage calciumconcentraties in de waterlaag zoals in de vennen op voedselarme 
zandgronden is het calciumgehalte te laag voor deze waterplant om drijfbladeren 
te ontwikkelen. 
De morfologische en fysiologische karakteristieken van de zaden, zaailingen 
en volgroeide nymphaeide waterplanten Nymphaea alba, Nuphar lutea en Nymp-
hoides pel tata kunnen beschouwd worden als aanpassingen om het hoofd te bieden 
aan de specifieke stressfactoren van hun standplaats. Vanuit deze optiek kan het 
succes van deze plantensoorten in hun afzonderlijke habitats worden verklaard 
en bovendien waarom bij successies en processen als eutrofiëring en verzuring 
de nymphaeiden vaak als enige waterplanten overblijven. De bevindingen van 
dit promotie-onderzoek benadrukken het belang van een multidisciplinaire aanpak 
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